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Mais de 17 milhões de pessoas morrem a cada ano devido a doenças 
cardiovasculares e a aterosclerose ocupa um lugar proeminente neste cenário. O 
aumento dos níveis de colesterol LDL no sangue é conhecido por ser a principal causa 
desse problema, que está diretamente associado com uma dieta hiperlipídica, fonte de 
gordura trans, e rica em ácidos graxos saturados e colesterol. No entanto, vários 
compostos bioativos presentes em matrizes alimentares estão associados à 
diminuição dos níveis séricos de colesterol. Este é o caso dos fitosteróis, encontrados 
em óleos vegetais, como o milho, amendoim e azeite de oliva. No entanto, apesar dos 
resultados de testes in vivo e do conhecimento de alguns mecanismos fisiológicos da 
ingestão destes bioativos, as interações físico-químicas entre eles e o colesterol 
presente no lúmen intestinal de origem endógena e/ou alimentar não são 
completamente conhecidas. Este trabalho teve como objetivo investigar, através da 
abordagem termodinâmica do equilíbrio sólido-líquido (ESL), o comportamento físico-
químico da fase sólida de misturas entre colesterol e bioativos lipídicos, como 
fitosteróis, α-tocoferol, ácido oleico e octacosanol e entre colesterol e compostos 
lipídicos associados a doenças cardiovasculares, caso do ácido esteárico e elaídico. 
Para isso, diagramas de fase ESL completos foram obtidos por calorimetria de 
varredura diferencial (DSC) e microscopia óptica com temperatura controlada, 
utilizando uma metodologia baseada em baixas taxas de aquecimento. Raio-X e RMN 
em alguns casos também foram utilizados. Os diagramas de fase foram modelados 
por abordagem termodinâmica clássica, usando um método computacional chamado 
“algoritmo Crystal-T”. As misturas de colesterol e fitoesterol mostraram claramente a 
formação de cocristais estáveis em qualquer concentração. Isso também foi 
reproduzido após a submissão desta mistura a um protocolo de digestibilidade in vitro. 
Isto foi previamente teorizado na literatura, incluindo o efeito da cocristalização como 
mecanismo hipocolesterolêmico, mas sem contribuição acadêmica formalizada. As 
misturas com α-tocoferol levaram a uma diminuição da temperatura de fusão do 
colesterol, possivelmente regida por fatores entrópicos. O octacosanol e os outros 
ácidos graxos, oléico, esteárico e elaídico apresentaram comportamento semelhante a 
um sistema eutético sendo que cocristais também foram observados. Entretanto, o 
ácido oleico e o octacosanol, neste caso, parecem alterar mais o comportamento de 
fusão do colesterol. No entanto, questiona-se: é possível associar esses resultados a 
efeitos hiper- ou hipocolesterolêmicos, como no caso dos fitosteróis? Esses resultados 
apresentaram uma melhor compreensão de como alguns biocompostos lipídicos 




condições nas quais esses bioativos podem atuar com maior eficiência para 






More than 17 million people die each year due to cardiovascular diseases, and 
atherosclerosis occupies a prominent place in this scenario. The increasing of the 
blood LDL-cholesterol levels is known to be the main cause of this problem, which is 
directly correlated to a hyperlipidic diet, source of trans fat, and rich in saturated fatty 
acids and cholesterol. However, several bioactives compounds present in food 
matrices are associated to serum cholesterol levels decrease. This is the case of 
phytosterols, found in vegetable oils such as corn, peanut and olive oil. However, 
despite successful in vivo results, and the knowledge of the physiological mechanisms 
at the background of the ingestion of these bioactives, the physicochemical interactions 
between them and food cholesterol present in the intestinal lumen of endogenous 
and/or alimentary origin are not completely known. This work was aimed at the 
investigation, through the solid-liquid equilibrium (SLE) thermodynamics approach, of 
the physicochemical behavior of the solid phase of mixtures between cholesterol and 
lipidic bioactives, such as phytosterols, α-tocopherol, oleic acid and octacosanol, and 
between cholesterol and lipidic compounds associated to cardiovascular diseases, as 
the stearic and elaidic acids. Therefore, complete SLE phase diagrams were obtained 
by differential scanning calorimetry (DSC) and temperature controlled optical 
microscopy, using a methodology based on the achievement of a quasi-equilibrium 
state at very low heating rates. X-Ray and NMR were also used in same cases. Phase 
diagrams were modeled by a classical thermodynamic approach, using a designed 
computational method based on the Crystal-T algorithm. Mixtures of cholesterol and 
phytosterols clearly showed the formation of stable cocristais at any concentration. This 
was also reproduced after submitting this mixture to an in vitro digestibility protocol. 
This was previously theorized in literature, including the effect of the cocrystalization as 
a hipocholesterolemic mechanism, but with no formalized contribution. Mixtures with α-
tocopherol led to an interesting cholesterol melting temperature decreasing, possibly 
ruled by entropic factors. Octacosanol and the other fatty acids, oleic, stearic and 
elaidic acids showed a similar behavior as well as formation of  cocrystals. Octacosanol 
and oleic acid showed more changings in the cholesterol melting behavior. However, 
could this be associated to a hiper- or hipocholesterolemic effects, as found for 
phystosterols? These results enhanced the understanding of the some roles of lipidic 
biocompounds in the altering of the cholesterol melting/crystallization behavior and 
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A produção e o consumo mundiais de óleos e gorduras ultrapassaram 200 
milhões de toneladas em 2016 (OECD/FAO, 2013), mostrando sua relevância como 
um dos itens mais importantes da dieta humana, assim como para influenciar no sabor 
e na textura de produtos alimentícios. Contudo, o consumo em excesso de lipídios na 
dieta está direta e expressivamente associado ao crescente número de mortes anuais 
induzidas por problemas cardiovasculares, sendo que a aterosclerose ocupa um 
proeminente espaço neste contexto (WATTS et al., 1992).  
Além dos fatores genéticos, o aumento do colesterol no plasma sanguíneo é 
um dos principais fatores de indução do processo de aterosclerose, através formação 
das placas de gordura aterogênicas. Contudo, o risco não está somente relacionado à 
concentração total de colesterol no sangue, mas fundamentalmente aos mecanismos 
envolvidos na distribuição desse colesterol entre as principais lipoproteínas 
transportadoras (ROMALDINI et al., 2004). As lipoproteínas de baixa densidade ou 
LDL, por estarem associadas ao fornecimento de colesterol aos tecidos, estão 
diretamente relacionadas à aterosclerose. (MARZZOCO; TORRES, 1999). 
Diversos biocompostos de origem natural têm sido reportados como auxiliares 
na diminuição do colesterol sérico, e consequentemente na diminuição das placas de 
aterosclerose. Esse é o caso do γ-orizanol (BERGER et al., 2005; ROGERS, 2011), 
dos polifenóis, (MURSU et al., 2004; NGAMUKOTE et al., 2011), do ácido oleico 
(ALLMAN-FARINELLI et al., 2005), e dos fitosteróis (TRAUTWEIN et al., 2003). É 
interessante notar que esses biocompostos são de origem lipídica, assim como o 
colesterol, o que conduz à tese de que é a biocompatibilidade termodinâmica entre 
esses bioativos e o colesterol uma das explicações para a sua funcionalidade 
hipocolesterolêmica no organismo humano. De fato, os mecanismos de diminuição do 
colesterol sérico com a ingestão de biofármacos de origem natural não é tema recente 





(LIN et al., 2010; RACETTE et al., 2015; TRAUTWEIN et al., 2003). Entre outros 
mecanismos fisiológicos, a ingestão desses biocompostos tem sido associada ao 
processo de cocristalização. Seria, portanto, a formação de cocristais com o colesterol, 
durante o processo de digestão, que induziria à diminuição da sua absorção no trato 
gastrointestinal, reduzindo seus níveis séricos (ROZNER et al., 2009).  
O processo de cocristalização, em sistemas lipídicos pode ser claramente 
verificado pelo estudo sistemático do equilíbrio termodinâmico de fases sólido-líquido 
(ESL) (LEUNER; DRESSMAN, 2000; MAXIMO et al., 2014a; MORRISON; SUN; 
NEERVANNAN, 2009; MÜLLER-GOYMANN, 2004; NYQVIST-MAYER; BRODIN; 
FRANK, 1986). É o que mostra inclusive diversos estudos realizados pelo grupo de 
pesquisa ao qual esse projeto está incluído (COSTA et al., 2009a, 2010a, 2010b; 
MAXIMO et al., 2014b; MAXIMO; COSTA; MEIRELLES, 2013). De fato, compostos 
lipídicos apresentam um comportamento muito peculiar durante os processos de 
cristalização. Esse comportamento é responsável pela formação de nano- ou 
microestruturas moleculares complexas (ACEVEDO; MARANGONI, 2010; BRUIN, 
1999; HIMAWAN; STAROV; STAPLEY, 2006; MARANGONI et al., 2011), transições 
polimórficas na fase sólida, formação de cristais líquidos e cocristais que influenciam 
diretamente as propriedades da gordura a nível macroscópico (ACEVEDO; 
MARANGONI, 2010; CUSHEN et al., 2012; MARANGONI et al., 2011; ROGERS, 







Figura 1. Hierarquia das estruturas moleculares (nano-, micro- e macroestruturas) que 







À exemplo do que já se sabe sobre o processo de cocristalização como 
resposta para a redução do colesterol no organismo a partir da ingestão de fitosteróis, 
e sabendo do comportamento complexo de sistemas lipídicos durante os processos de 
fusão/cristalização, este trabalho teve como objetivo principal investigar, através da 
termodinâmica do equilíbrio de fases, o comportamento de fusão/cristalização do 
colesterol em mistura com diversos outros biocompostos lipídicos com ação 
hipocolesterolêmica, e avaliar se esse comportamento termodinâmico se reproduz no 
sistema gastrointestinal. Deste modo, este trabalho pretende contribuir com a 
discussão na literatura sobre o efeito desses compostos no organismo, e como base 
para a proposição de dietas de redução dos níveis de colesterol no sangue. 
Especificamente, este projeto terá como foco: 
• Avaliação do equilíbrio sólido-líquido (ESL) de sistemas-modelo binários (ou 
pseudo-binários) contendo colesterol + α-tocoferol, ou fitosterol, ácido oleico, 
ácido esteárico, ácido elaídico (trans-oléico) ou octacosanol. 
• Investigação da digestibilidade in vitro do sistema colesterol + fitosterol e 
comparação com o comportamento obtido no sistema modelo avaliado por 
ESL. 
• Avaliação de equações clássicas baseadas no cálculo da energia livre de 
Gibbs para o cálculo dos coeficientes de atividade dos compostos das fases 
sólidas e líquidas na descrição do equilíbrio de fases. 
No contexto das hipóteses formuladas, apresenta-se a seguir, uma breve 
discussão sobre o que a literatura tem discutido sobre o tema, e em particular, como a 
termodinâmica do equilíbrio de fases e os processos/fenômenos de formação de 





















1. O colesterol e a digestão lipídica 
 
Maior constituinte de membranas celulares, precursor de hormônios, ácidos 
biliares (ZERBINATI; IULIANO, 2017)  e da vitamina D, atuando no transporte de 
material lipídico no plasma sanguíneo, entre outras funções, o colesterol é uma 
biomolécula essencial que, em conjunto com os triacilgliceróis, são os principais 
constituintes do material lipídico do organismo humano (NAKANISHI et al., 2009; 
SIMONS; IKONEN, 2000). O colesterol é uma molécula de esterol que atua como 
controlador da atividade proteica, indispensável para a manutenção da permeabilidade 
e fluidez da membrana e é o principal substrato para formação de moléculas 
essenciais nos sistemas de organismos mamíferos (MARQUARDT et al., 2016; 
ROZNER et al., 2009). Não obstante, o consumo em excesso desse composto, 
associado a uma dieta hiperlipídica, fonte de gordura trans, e rica em ácidos graxos 
saturados, ou o seu acúmulo no organismo, resultado de doenças genéticas, fatores 
relacionados à obesidade e ao fumo, podem induzir a sérias desordens no 
metabolismo, especialmente doenças cardiovasculares (MEL’NIKOV; SEIJEN TEN 
HOORN; BERTRAND, 2004).  
Haja visto sua importância no metabolismo, os processos de digestão, 
absorção, transporte e armazenamento de biocompostos lipídicos possuem uma 
dinâmica bem característica nos organismos mamíferos. O principal constituinte de 
uma alimentação rica em compostos lipídicos, o triacilglicerol (TAG), tem como 
principal via de lipólise e absorção o lúmen intestinal. É nesse estágio do processo de 
digestão que ocorre a conversão da maior parte dos TAGs por ação das lipases 
pancreáticas, em ácidos graxos livres (AGL) e 2-monoacilgliceróis (2-MAG) (a lipólise 
de TAGs de média-cadeia carbônica se inicia na etapa gástrica). Os produtos da 
lipólise são transportados para as células da mucosa intestinal. Os AGL e 2-MAG são 





O processo de digestão e absorção do colesterol é essencialmente o mesmo. 
Entretanto, nem todo colesterol presente no organismo é exógeno. Apenas cerca de 
300 a 600 mg de colesterol são fornecidos ao organismos através de uma dieta 
ocidental normal, ao dia, e aproximadamente 1000-1500 mg de colesterol são 
fornecidos por fontes endógenas, sendo a bile sua fonte principal (TRAUTWEIN et al., 
2003). A absorção do colesterol exógeno, ou seja, obtido via alimentação, já se inicia 
na etapa gástrica, pela qual o cisalhamento exercido pelos movimentos peristálticos, 
permitirá a emulsificação do sistema lipídico. Ou seja, pela formação de micelas ocorre 
a sua hidrólise e absorção. No lúmen intestinal, onde essas etapas ocorrem, o 
colesterol e os lipídios coexistem essencialmente em um sistema bifásico contendo 
uma fase oleosa e uma fase aquosa. Em uma primeira etapa, o colesterol esterificado, 
modo como está presente nos tecidos animais ingeridos na dieta, é incorporado às 
micelas (formadas por ácidos graxos, fosfolipídios e sais biliares excretados pela bile 
durante a ingestão do alimento). A formação das micelas desempenha um papel 
fundamental para a digestibilidade desses compostos pois proporciona o aumento da 
atividade das enzimas lipídicas: pela ação da colesterol esterase pancreática, os 
ésteres de colesterol são convertidos à colesterol livre e ácidos graxos. A absorção do 
colesterol irá então ocorrer principalmente no duodeno e no “jejuno próximo” através 
das células da mucosa intestinal (enterócitos) que o encaminha para as vilosidades 
intestinais (TRAUTWEIN et al., 2003). De fato, acreditava-se que a absorção do 
colesterol ocorria pela difusão passiva auxiliada pelo gradiente de concentração do 
colesterol livre criado entre o espaço extra e intracelular ou pelo colesterol na bile. 
Entretanto, existem evidências que indicam que este colesterol absorvido é devido a 
processos bioquímicos mediados por proteínas. Vários transportadores e receptores 
foram propostos atualmente, acreditando que possam estar envolvidos com a 
absorção do colesterol pois facilitam a afluência deste para os enterócitos ou a 
efluência para o lúmen intestinal (GREBE; LATZ, 2013; TRAUTWEIN et al., 2003) 





plasmático e o risco de doença arterial coronariana. De acordo com a Organização 
Mundial da Saúde (WHO, 2016) mais de 17 milhões de pessoas morrem por ano 
devido a doenças cardiovasculares. O aumento da ingestão de colesterol e sua 
concentração no plasma sanguíneo também estão associados a certas formas de 
câncer, diabetes e obesidade (GOODMAN, 2010). A aterosclerose é uma doença 
cardiovascular caracterizada por um processo inflamatório que ocorre no sistema 
circulatório, pela qual há a formação de um tecido rico em compostos lipídicos: 
colesterol, ésteres de colesterol, fosfolipídios e triacilgliceróis, no interior das paredes 
arteriais (NIDHI et al., 2011). Esse tecido é também conhecido como placas de 
gordura aterogênica, ou de aterosclerose. Como consequência, há o estreitamento 
dos canais de transporte do plasma sanguíneo e formação de coágulos (GREBE; 
LATZ, 2013; MAXFIELD; TABAS, 2005). Do ponto de vista da mecânica dos fluidos, a 
redução do diâmetro das artérias aumenta a velocidade do escoamento sanguíneo, 
induzindo ao aumento da pressão arterial e desencadeando, por consequência, uma 
série de problemas cardiovasculares. A Figura 1 apresenta microscopias obtidas por 
(MUNIS, 2013) das placas de arterosclerose. 
 
2. A aterosclerose e o tratamento da hipercolesterolemia 
 
O processo de aterosclerose não está somente relacionado à concentração 
total de colesterol no sangue, mas fundamentalmente aos mecanismos envolvidos na 
distribuição desse colesterol entre as principais lipoproteínas transportadoras do 
sistema circulatório. Essencialmente, as lipoproteínas de baixa densidade (LDL) estão 
relacionadas ao transporte de colesterol aos tecidos e as lipoproteínas de alta 
densidade (HDL) estão envolvidas no transporte reverso do colesterol ao fígado e 
portanto, a processos hipocolesterolêmicos (ROMALDINI et al., 2004). Por estar 
associado ao transporte de colesterol aos tecidos, o elevado nível de LDL sérico está 





placas aterogênicas (GREBE; LATZ, 2013; MARZZOCO; TORRES, 1999; 
MEL’NIKOV; SEIJEN TEN HOORN; BERTRAND, 2004; OGIER et al., 2013). Da 
mesma maneira, a presença de baixos níveis de colesterol HDL representa um 
potencial aumento da incidência das doenças cardiovasculares (LAKATOS; 
HÁRSÁGYI, 1988). A Figura 2 apresenta a composição dessas principais lipoproteínas 
relacionadas aos mecanismos de transporte do colesterol no sistema sanguíneo.  
 
 
Figura 1. Placa aterosclerótica e sua composição Fonte: (MUNIS, 2013). 
 
A diminuição do colesterol no plasma sanguíneo e a regressão das placas 
aterogênicas envolve mecanismos celulares específicos, que alteram o fluxo dos 
componentes do interior da placa para o plasma sanguíneo (FRANCIS; PIERCE, 
2011). Dentre os principais tratamentos para a redução do colesterol e diminuição das 
placas estão a ingestão de uma dieta regular em conteúdo lipídico (WATTS et al., 
1992) e a administração de fármacos (NISSEN; TUZCU, 2004). Os fármacos atuam no 
sentido de impedir a absorção do colesterol ou diretamente na regressão das placas 
aterogênicas. Este último mecanismo é menos comum mas ao mesmo tempo 
interessante: por meio de nanoestruturas carreadoras, alguns fármacos, por 
mecanismo de liberação controlada, acionado pelo aumento das tensões de 





atuam na liberação de ativos diretamente nas placas, atuando em sua regressão 
(HOLME et al., 2012). 
Colestiramina e Colestipol são dois fármacos cujo princípio clássico é a 
redução da absorção do colesterol. O mecanismo de ação está baseado na 
interrupção da circulação enterohepática de ácidos biliares, e consequente ação 
hipocolesterolêmica (WANG, 2007; WATTS et al., 1992; XAVIER et al., 2013). O 
Orlistat, outro fármaco comercial, suprime a absorção de colesterol, por mecanismos 
de bloqueio do processo de hidrólise da sua estrutura no trato gastrointestinal (WANG, 
2007). Assim, a solubilidade do colesterol no estágio crítico de difusão intestinal é 
reduzida, diminuindo sua absorção. O Ezetimibe é um fármaco muito comum que, 
administrado sozinho ou em combinação com estatinas, também bloqueia a absorção 
do colesterol biliar (FRANCIS; PIERCE, 2011; LIN et al., 2010; ROZNER; GARTI, 
2006; TRAUTWEIN et al., 2003; WANG, 2007; XAVIER et al., 2013). 
Considerando que a existência de desordens metabólicas associadas a 
hipercolesterolemia requerem aplicação de fármacos comerciais, no contexto de uma 
alimentação com teor reduzido em colesterol e do consumo de substâncias naturais 
com atividade nutracêutica, inúmeros trabalhos na literatura tem correlacionado a 
ingestão de biocompostos presentes em matrizes alimentares na diminuição do 
colesterol no organismo (MEL’NIKOV; SEIJEN TEN HOORN; BERTRAND, 2004). 
Este é o caso clássico dos fitoesteróis. Os fitosteróis, como o β-sitosterol, campesterol 
ou stigmasterol, são esteróis, assim como o colesterol, especialmente encontrados na 
composição de óleos vegetais, como canola, oliva, milho, palma e soja (PHILLIPS et 
al., 2002). Sua ingestão na forma de cápsulas ou através de alimentos enriquecidos 
com fitoesteróis tem sido diretamente associada à diminuição do colesterol no plasma 
sanguíneo, bem como do complexo molecular lipoprotéico LDL, através de um ciclo 
que se inicia com a inibição da absorção do colesterol presente no intestino (endógeno 
ou alimentar) (AMIOT et al., 2013; OGIER et al., 2013; TRAUTWEIN et al., 2003). 





interior dos enterócitos e, portanto, são excretados nas fezes. Para a manutenção da 
homeostase do colesterol, processos enzimáticos alteram o metabolismo de 
acumulação do colesterol no fígado e formação do LDL. Com a ingestão contínua de 
fitosteróis (2g/dia) (XAVIER et al., 2013), a concentração de colesterol livre e no 
complexo LDL do plasma sanguíneo é continuamente reduzido (8-14%) (XAVIER et 
al., 2013). Sendo solúvel em meio hidrofóbico, o fitosterol é preferencialmente 
solubilizado em matrizes alimentares ricas em material lipídico (CUSACK; 
FERNANDEZ; VOLEK, 2013; LIN et al., 2010). Isso, contudo, é um aparente 
contrassenso, pois a ingestão de lipídios, principalmente os compostos saturados ou 
trans-insaturados, é comumente associada ao agravamento dos processos 
hipercolesterolêmicos no organismo humano. Porém, os compostos graxos cis-
insaturados, como ácidos oleico e linoleico atuam exatamente no sentido oposto 
(SIMOPOULOS, 1991). Neste contexto, se a composição do alimento contendo ou 
enriquecido com fitosteróis pode proporcionar um incremento ou não nos processos de 
redução do colesterol, diversos mecanismos estão envolvidos.  
   
2.1 Mecanismos de redução do colesterol 
 
Cerca de 150 a 400 mg/dia de esteróis de plantas são ingeridos em uma dieta 
normal. Destes, 65% estão na forma de β-sitosterol, 30% campesterol, 5% 
stigmaesterol. Estes apresentam uma estrutura muito similar à do colesterol, porém a 
absorção dos esteróis de plantas pelo intestino dos mamíferos é muito menor que a do 
colesterol (TRAUTWEIN et al., 2003). Este talvez seja o ponto chave da discussão. De 
fato, a literatura propõe diversos mecanismos para a redução do colesterol na 
presença destes esteróis como efeitos físico-químicos, no local de absorção e no 
tráfico intracelular (AMIOT et al., 2013; MEL’NIKOV; SEIJEN TEN HOORN; 





Um dos mecanismos propostos para explicar a atividade dos fitosteróis na 
eliminação do colesterol no processo digestivo é a formação de nanoestruturas 
através da cocristalização entre o colesterol e os fitoesteróis (CHRISTIANSEN et al., 
2003; ROZNER et al., 2009; ROZNER; GARTI, 2006). A cocristalização (BOND, 2007; 
NATARAJAN et al., 2013) é um processo utilizado, por exemplo, na indústria 
farmacêutica no desenvolvimento de estruturas para o carreamento de fármacos e a 
liberação controlada no organismo, pois altera a estabilidade, a solubilidade, taxas de 
dissolução e a biodisponibilidade da biomolécula carreada, enquanto mantém a sua 
estrutura intacta (WANG et al., 2014). Adicionalmente, é também um processo que 
ocorre naturalmente em sistemas ricos em compostos lipídicos (MAXIMO et al., 2014b; 
MAXIMO; COSTA; MEIRELLES, 2014; WESDORP, 1990), como é o caso de alguns 
produtos alimentícios, resultando em modificações das suas propriedades térmicas e 
mecânicas (ACEVEDO; MARANGONI, 2010; MARANGONI; NARINE, 2002; NARINE; 
MARANGONI, 1999; TANG; MARANGONI, 2007). Por esse mecanismo, fitoesteróis e 
colesterol formam “cristal misto” ou “cocristal” cuja absorção durante a lipólise 
alimentar no trato gastrointestinal é, teoricamente, reduzida. 
Para obter-se um “cocristal” (também chamado de “solução sólida” ou “liga 
orgânica”), é necessário que os cristais das moléculas envolvidas no processo 
possuam estruturas cristalinas semelhantes (BOND, 2007; NATARAJAN et al., 2013) 
ou que, durante o processos de recristalização, um dos compostos se conforme a 
estrutura cristalina do outro composto, semelhante a ideia de um “encaixe”. Isso 
ocorre, por exemplo, entre o colesterol e a vitamina D. O cocristal formado entre esses 
dois compostos pode ser representado, na Figura 2, a partir da esquematização de 
sua unidade cristalina. Diversos trabalhos da literatura mostram que colesterol e 
fitosterol também cristalizam-se de modo similar, ou seja, formando um cocristal em 
meio oleoso (CUSACK; FERNANDEZ; VOLEK, 2013). De fato, ao se analisar as 
estruturas moleculares de ambos compostos, percebe-se uma grande similaridade, à 





molecular do colesterol e de alguns fitosteróis. Portanto, dado seu comportamento em 
um sistema lipídico natural, espera-se que no trato gastrointestinal, o mesmo 
fenômeno ocorra.  
Apesar do processo de cocristalização ser uma pista para explicar o 
mecanismo de solubilidade e absorção do colesterol no intestino, associados à 
ingestão de fitosterol, os estudos são ainda muito escassos, particularmente quanto à 
sistematização do efeito do equilíbrio de fases desse biocomposto em mistura com o 
colesterol. Além disso, diversos outros compostos bioativos presentes especialmente 
em alimentos ricos em compostos lipídicos também são avaliados como redutores dos 
níveis de colesterol no sangue. A Tabela 1 apresenta uma lista de trabalhos 
publicados na literatura que utilizam modelos humanos ou animais para avaliação do 
efeito hipocolesterolêmico de biocompostos nutraceuticos ou de sistemas lipídicos 
ricos nesses compostos. Esse é o caso do γ-orizanol, presente em óleo de farelo de 
arroz (BERGER et al., 2005; ROGERS, 2011), os polifenóis, presentes no cacau, ou 
na semente de uva (MURSU et al., 2004; NGAMUKOTE et al., 2011), e o ácido oleico 
e linoleico presentes no óleo de girassol e azeite de oliva (ALLMAN-FARINELLI et al., 
2005). Considerando que no Brasil, a produção de algumas dessas matrizes vegetais 
é bem expressiva, como do arroz com 11,8 milhões de toneladas e cacau com 262 mil 
toneladas em 2013 (DPE/COAGRO - DIRETORIA DE PESQUISAS; COORDENAÇÃO 
DE AGROPECUÁRIA; GERÊNCIA DE AGRICULTURA, 2015), no que se refere ao 
contexto do uso dos compostos bioativos no combate a doenças cardiovasculares, há 
um vasto potencial no trabalho de recuperação desses biocompostos durante o 
processamento desses óleos vegetais e uso dos mesmos para a produção de 










Figura 2. (A) Célula unitária da estrutura cristalina formada na cocristalização entre a 
vitamina D (estrutura verde) e o colesterol (estrutura vermelha), precursor da vitamina 
D, estabilizada por pontes de hidrogênio (linhas pontilhadas) Fonte: (WANG et al., 
2014). (B) Estrutura do colesterol e alguns fitosteróis. Colesterol: R=H, β-sitosterol: 
R=CH2CH3, Stigmasterol: R=CH2CH3 e uma ligação dupla em C22; Campesterol: 












Tabela 1. Trabalhos na literatura que avaliaram por testes in vivo o efeito 
hipocolesterolêmico de biocompostos naturais 
 
Biocomposto Modelo Referência 
Hidroxitolueno butilado, sesamina, curcumina,  
ácido ferúlico, α- e γ- tocoferol 
Ratos (KAMAL-ELDIN et al., 
2000) 
γ-Oryzanol Humano (BERGER et al., 2005) 
Polifenóis de chá preto Ratos  (MATSUMOTO; 
OKUSHIO; HARA, 1998) 
Óleo de girassol alto oleico Humano (ALLMAN-FARINELLI et 
al., 2005) 
γ-Oryzanol Hamsters (RONG; AUSMAN; 
NICOLOSI, 1997) 
Polifenóis de maçã Hamsters (CHEUK et al., 2008) 
Leite suplementado com ácidos graxos n-3 + 
ácido oleico + vitamina 
Humano  (BARÓ, 2003) 
Fermento de arroz vermelho chinês Humano  (HEBER et al., 1999) 
Fitosteróis de plantas Humano  (JONES et al., 1997) 
Fitoesteróis de plantas Humano  (JENKINS et al., 2008) 
Estanóis de plantas, proteína de soja, fibras 
viscosas (beta-glucano de aveia e psyllium) 
Humano  (JENKINS et al., 2002) 
Ácido graxo trans-monoinsaturado  
rico em óleo vegetal (óleo de girassol) 










3. Equilíbrio sólido-líquido de misturas lipídicas 
 
Para verificar a formação de cocristais ou qualquer outro mecanismo envolvido 
na modificação da estrutura cristalina do colesterol quando na presença de um outro 
biocomposto, a teoria do equilíbrio termodinâmico sólido-líquido é uma ferramenta 
essencial. No que se refere a sistemas de interesse da indústria de óleos e gorduras, 
esse estudo não é trivial, pois, devido à formação de estruturas polimórficas, clássicas 
em sistemas lipídicos (MAXIMO; COSTA; MEIRELLES, 2013; WESDORP, 1990), 
formação de soluções sólidas (ROZNER et al., 2009) e cristais líquidos (MAXIMO et 
al., 2014c), várias fases sólidas e líquidas cristalinas podem coexistir no sistema na 
mesma condição de temperatura.  
A Figura 3 mostra os quatro principais diagramas de fases , representando as 
transições de fases sólido-líquido, encontrados em misturas binárias compostas por 
compostos lipídicos (MAXIMO et al., 2014c). Em (A), encontra-se o diagrama de fases 
mais simples, conhecido também como sistema eutético. Para misturas eutéticas 
simples, durante o resfriamento, os compostos cristalizam-se de maneira 
independente e o ponto eutético estabelece a concentração em que o sistema se 
funde em sua temperatura mínima. Em (B) é possível observar um diagrama de fases 
de uma mistura com uma solução sólida, ou cocristais, nas regiões do sistema que 
contém excesso de um dos compostos. Isso significa que durante a recristalização, 
dependendo da concentração da mistura, a molécula do composto é incorporada à 
matriz do outro cristal. Ou seja, dentro desta gama de concentração, geralmente 
próximo a um dos componentes puros, o composto não se cristaliza de forma 
independente formando os cocristais. Pelo processo de cocristalização, a rede 
cristalina dos compostos submete-se a um auto-empacotamento, dando origem a uma 
nova estrutura cristalina estabilizada por pontes de hidrogênio e interações 
hidrofóbicas inter- e intramoleculares. Tanto o caso A quanto o caso B são situações 





ácidos graxos (COSTA et al., 2010a, 2012; MAXIMO et al., 2014c; MAXIMO; COSTA; 
MEIRELLES, 2013; WESDORP, 1990). Em (C) os componentes da fase líquida se 
cristalizam como um único cristal, independente da concentração do sistema. Neste 
caso, apenas três regiões são observadas: uma região líquida, uma sólida e uma de 
transição, onde as fases sólida e líquida coexistem. Esse comportamento é menos 
convencional em sistemas lipídicos e é geralmente observado em misturas contendo 
compostos com estrutura molecular e cristalina muito similar, como por exemplo 
misturas de ceras (álcoois graxos) com tamanhos de cadeias similares (MAXIMO et 
al., 2014c).  A Figura 3D apresenta uma situação em que, durante a cristalização, um 
novo composto, chamado composto peritético, é formado, dependendo da 
concentração do sistema. Essa situação ocorre comumente em misturas contento 
ácidos graxos (BOROS et al., 2009; COSTA et al., 2009a, 2009b; MAXIMO et al., 









Figura 3. Diagrama de fases mais utilizados para misturas graxas binárias. (Xa) 
representa a fração molar do componente na fase líquida e (Za) na fase sólida; (l) fase 
líquida; (s) fase sólida composta pelos dois compostos; (Ca ou Cb) fase sólida rica no 
componente a ou b; (Cn) fase sólida com a formação de uma nova estrutura através da 
transição peritética. Fonte:  (MAXIMO et al., 2014c). 
 
A teoria termodinâmica que descreve o equilíbrio de fases sólido-líquido (ESL) 
é bem estabelecida e descrita pela Equação 1. Detalhes da determinação da equação, 
que estão baseados no cálculo da energia de Gibbs do processo de fusão do sistema 
estão detalhados na literatura  (MAXIMO; COSTA; MEIRELLES, 2013). Nesta 
equação, 𝛾𝛾𝑖𝑖𝐿𝐿e 𝛾𝛾𝑖𝑖𝑆𝑆 são os coeficientes de atividade do componente i nas fases líquida xi 
e sólida zi, respectivamente, T é a temperatura de fusão da mistura (K), R é a 
constante dos gases ideais (8,314 Jmol-1K-1), Tfus e ∆fusH são a temperatura de fusão 





temperatura (K) e entalpia (Jmol-1) da n transição sólido-sólido (forma polimórfica) do 
componente i, ∆fusCp é a diferença entre a capacidade de aquecimento (J mol-1K-1) do 
componente puro i das fases líquida e sólida.  
 (1) 
Contudo a teoria do ESL, apesar de estabelecida, é frequentemente falha na 
descrição correta do comportamento das fases de misturas lipídicas (MAXIMO et al., 
2014c) especialmente por dois motivos: 1) Ausência de dados experimentais de 
temperatura de fusão, entalpia de fusão e capacidade calorífica das fases líquidas e 
sólidas; 2) Baixa efetividade das equações existentes na literatura para o cálculo do 
coeficiente de atividade, em especial para a fase sólida (COUTINHO, 1998). Dentre as 
principais equações utilizadas para o cálculo do coeficiente de atividade da fase 
líquida podem ser citadas: i) as equações ajustáveis, baseadas no cálculo da energia 
de Gibbs de excesso (Gex), como Margules, UNIQUAC e NRTL (REID; PRAUSNITZ; 
POLING, 1987) e ii) o método preditivo de contribuição de grupos UNIFAC 
(FREDENSLUND; JONES; PRAUSNITZ, 1975) e suas variações como o UNIFAC-
Dortmund (GMEHLING; LI; SCHILLER, 1993) e o UNIFAC-Campinas (BESSA et al., 
2016) que apresenta novos parâmetros de interação energética para grupos químicos 
pertencentes a compostos lipídicos. Poucos trabalhos, contudo, utilizam equações 
para o cálculo do coeficiente de atividade da fase sólida, em especial na 
representação do ESL de sistemas lipídicos. Dentre os trabalhos existentes destacam-
se os realizados pelo grupo de pesquisa ao qual integra esse projeto (MAXIMO et al., 
2014c, 2015) e que utilizam equações ajustáveis de Gex. Métodos preditivos para o 
cálculo do coeficiente de atividade da fase sólida, contudo, são inexistentes na 
literatura. A exceção é o trabalho publicado por Coutinho (1998). Os autores 
apresentaram uma modificação na equação de Gex UNIQUAC na qual os parâmetros 
nL
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ajustáveis podem ser preditos a partir dos dados de entalpias de fusão e ebulição dos 
compostos puros, aplicando o cálculo na determinação do equilíbrio de fases de 
sistemas contendo hidrocarbonetos.   
 
4. Estudos de digestibilidade e a hipótese da cocristalização  
  
Apesar dos métodos in vivo serem considerados o “padrão ouro” quando 
relacionado à dieta humana, a simulação de processos de digestão in vitro tem sido 
amplamente utilizada nas indústrias de alimentos e farmacêuticas a fim de 
compreender e controlar a digestibilidade de alimentos e produtos farmacêuticos no 
trato gastrointestinal (MCCLEMENTS; LI, 2010; MINEKUS et al., 2014). Isso porque 
são métodos mais rápidos, baratos, menos trabalhosos e não possuem restrições 
éticas, o que permite que uma grande gama de ensaios possa ser realizada. A 
facilidade de escolha das condições a serem controladas, da reprodutibilidade e uma 
fácil obtenção de amostras torna este método muito adequado para estudos 
mecânicos e construção de hipóteses (MINEKUS et al., 2014). Segundo Tagliazucchi 
e seus colaboradores (2010), os métodos in vitro são eficazes para o estudo da 
liberação de matrizes alimentares sob condições gastrointestinais.  
Entretanto, o sistema de digestão in vitro deve ser escolhido cuidadosamente 
para que os eventos que venham a ocorrer no trato gastrointestinal possam ser 
devidamente explicados. Conhecer os agentes moleculares e a ação enzimática 
digestiva específica pode ter grande influência na produção e ação de compostos 
bioativos (KOPF-BOLANZ et al., 2012). Mel’nikov e colaboradores (2004) utilizando 
uma metodologia de digestibiidade in vitro, própria, simularam de modo simplificado a 
etapa entérica, utilizando lipase pancreática porcina para hidrólise de uma “refeição 
modelo teste” composta por colesterol, fitosteróis e óleo vegetal. Após a lipólise das 
misturas, os autores, considerando a solubilidade do colesterol no óleo, concluíram 





proposta pelos trabalhos que relatam o efeito da cocristalização como auxiliar 
hipocolesterolêmico, inclusive o próprio documento da Sociedade Brasileira de 
Cardiologia (XAVIER et al., 2013). Entretanto, esse trabalho: i) não descreve de modo 
efetivo as etapas do processo digestivo, ou seja, oral, gástrica e entérica, e ii) um 
estudo simplificado sobre a solubilidade do colesterol em óleo não é suficiente para 
concluir sobre a sua absorção no intestino em meios complexos. 
Em 2014, Minekus e colaboradores (2014) apresentaram um protocolo de 
simulação por método estático que começou a ser utilizado como método padrão para 
estudos de digestibilidade in vitro. O método está baseado na adição de fluidos 
(sistemas) que simulem as condições físico-químicas das etapas digestivas orais, 
gástrica e entérica. Além disso, há controle específico de pH, temperatura 
(temperatura corporal) e a adição de enzimas digestivas em tempos pré-determinados 
(detalhes serão apresentados na seção MATERIAIS E MÉTODOS). Com exceção do 
trabalho apresentado por Mel’nikov e colaboradores (2004), que não utiliza o protocolo 
oficial proposto, não é de conhecimento nenhum outro trabalho que tenha avaliado o 
efeito dos biocompostos com ação hipocolesterolêmica no comportamento da 
cristalização de colesterol por digestibilidade in vitro a partir do protocolo sugerido por 
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The ingestion of lipids, specially saturated and trans-unsaturated lipids found in 
animal fats, lipid-rich foods and partially hydrogenated oils has been associated with 
cardiovascular problems. In the same way, some fatty compounds have  been reported 
as hypocholesterolemic bioactives, which is the case of cis-unsaturated fatty acids, α-
tocopherol, and octacosanol, mainly found in vegetable oils, such as rice-brain, olive, 
sunflower, and palm oil. However, the physicochemical mechanisms in which these 
lipids act in the serum cholesterol lowering or increasing its levels are not fully 
understood. This work aimed at evaluating the cholesterol melting profile in mixtures 
with stearic and elaidic acid (trans-oleic acid), knowed as hypercholesterolemic 
compounds and oleic acid, α-tocopherol and octacosanol, reported as nutraceutical 
molecules. The complete solid-liquid equilibrium (SLE) phase diagrams of these 
mixtures were depicted by Differential scanning calorimetry and Microscopy, and were 
also modeled by the SLE theory. In the mixtures, the cholesterol melting temperature 
was close to the ideal behavior, being the minimal temperature very close to the pure 
fatty compound concentration, except for octacosanol and stearic acid, in which 
eutectic points were more evident. The minimal melting temperature of the mixtures 
followed the order: α-tocopherol < oleic acid < elaidic < stearic acid < octacosanol. The 
SLE diagram also showed that, at high concentration of cholesterol, solid solutions are 
formed, being more evident for oleic acid. Literature reports this phenomenon as 
associated to the decreasing of cholesterol solubility promoting the decrease of the 
cholesterol absorption. Thus, especially for oleic acid, this could be associated to a 
possible hypocholesterolemia. Also, α-tocopherol seems to play a significant role in the 
cholesterol melting depression which is highly promisor for taking into account the 







The hypercholesterolemia is one of the major cardiovascular diseases in the 
world, responsible for a high number of annual deaths. Promoted by the increasing of 
cholesterol levels in the blood serum and other tissues, the hypercholesterolemia, 
together with genetic disorders, is the main cause of atherosclerosis. This 
phenomenon is reported as an inflammatory process in the arterial walls that leads to 
the formation of a lipid-based tissue, the atherogenic plaque, responsible for the 
arterial diameter decreasing, and, consequently, the blood pressure increase 
(MEL’NIKOV; SEIJEN TEN HOORN; BERTRAND, 2004; ROZNER; GARTI, 2006). 
The risk is not only related to the blood cholesterol level, but also to the mechanisms 
involved in its distribution by the cholesterol-carrying lipoproteins: low-density (LDL), 
very-low-density (VLDL), and high-density (HDL) lipoproteins (ROMALDINI et al., 
2004). Considering that LDL acts in the transport of cholesterol (and other lipids) to 
tissues, its high level in blood has been directly correlated to its accumulation in 
atherogenic plaques, formed during the inflammatory processes of 
atherosclerosis.(GREBE; LATZ, 2013; MARZZOCO; TORRES, 1999; MEL’NIKOV; 
SEIJEN TEN HOORN; BERTRAND, 2004; OGIER et al., 2013). Otherwise, the HDL 
acts in the reverse transport of cholesterol (and other lipids), from tissues to liver. 
Therefore, the low levels of this lipoprotein have been also correlated to the incidence 
of this cardiovascular problem (LAKATOS; HÁRSÁGYI, 1988).  
There are three main largely diffused alternatives for hypercholesterolemia 
treatment: i) regular lipids intake, with a special attention to trans and saturated fats; ii) 
administration of known lowering-cholesterol drugs such as simvastatin, ezetimibe, 
among others (OGIER et al., 2013; ROZNER; GARTI, 2006; WANG, 2007; XAVIER et 
al., 2013); iii) increasing the consumption of bioactive compounds, in a specific diet or 
in a supplementar intake, related to cholesterol level lowering (AMIOT et al., 2013; 
NESTEL et al., 2001; OGIER et al., 2013; ROZNER; GARTI, 2006). The commercial 
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drugs can act directly preventing the absorption of cholesterol synthesis in the liver, or 
in the regression of the atherogenic plaques, by releasing mechanisms in loco 
(HOLME et al., 2012; NISSEN; TUZCU, 2004). On the other hand, the mechanisms 
involved in the cholesterol-level decreasing by the consumption of natural 
biocompounds, which is largely evaluated in literature, are not completely understood 
(MEL’NIKOV; SEIJEN TEN HOORN; BERTRAND, 2004).  
The most studied biocompounds related to this phenomenon are the 
phytosterols. Phytosterols, such as β-sitosterol, campesterol or stigmasterol, are 
sterols, a class of compounds that also includes the cholesterol, specially found in 
vegetable oils, such as canola, olive, corn, palm and soybean oils (PHILLIPS et al., 
2002). Innumerous works have shown that their consumption has been directly 
associated to the decrease in the blood plasma cholesterol, as well as the LDL 
complex, through a cycle that starts with the inhibition of cholesterol absorption in the 
intestine (AMIOT et al., 2013; JESCH; CARR, 2017; OGIER et al., 2013). As an 
established theory, several associations around the world related to Food Security and 
Health Politics officially recommend the consumption of them. In this way, their addition 
in commercial food products has been largely applied.   
One of the mechanisms proposed to explain the activity of phytosterols in the 
cholesterol absorption reduction during the digestive process is the cocrystallization of 
the cholesterol and phytosterol crystals (CHRISTIANSEN et al., 2003; ROZNER et al., 
2009; ROZNER; GARTI, 2006). The cocrystallizationcan occurs when the 
biomolecules involved have similar crystalline structures (BOND, 2007; NATARAJAN 
et al., 2013), altering the stability, solubility, and bioavailability of the biomolecule 
(WANG et al., 2014). Together with the phytosterols, several other bioactives also 
found in vegetable oils, such as insatured fatty acids, and very-long-chain fatty alcohols 
have been also evaluated in literature as reducing blood cholesterol levels. This is the 
case of octacosanol present in the rice bran oil (BERGER et al., 2005; ROGERS, 
2011), polyphenols present in cocoa, or in grape seed (MURSU et al., 2004; 
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NGAMUKOTE et al., 2011), and oleic, linoleic and linolenic acids present in sunflower 
oil, and olive oil (ALLMAN-FARINELLI et al., 2005). 
Despite the cocrystallization process is a clue to explain the mechanisms for 
cholesterol absorption decrease, by the phystosterol intake, this is not the case for 
these other bioactives. Unsaturated fatty acids, especially the polyunsaturated linoleic 
and linolenic, but also oleic acid are considered as protectors against cardiovascular 
diseases by increasing the HDL and decreasing the LDL content of the blood plasma 
(KRIS-ETHERTON; YU, 1997). Otherwise, saturated fatty acids, but also trans-
unsaturated ones, are strongly related to the opposite effect. Therefore, considering 
the volume of divergent information that explains the mechanisms related to the blood 
cholesterol lowering (or increasing) due to these biocompounds intake, deeper 
investigations are required.  
A very significant starting point for this deeper investigation is the evaluation of 
the effects of these bioactives on the physical properties of the cholesterol. In fact, 
literature reports that due to phytosterol consumption, the cholesterol solubility, i.e., its 
melting behavior is altered, altering their absorption in the intestine lumen. Therefore, 
this work was aimed at evaluate the effects of some bioactives found in commercial 
vegetable oils, octacosanol (HASEGAWA et al., 1995), oleic acid and α-tocopherol 
(YAMASHITA; IKEDA; OBAYASHI, 2003) on the melting profile of cholesterol. For this 
complete solid-liquid equilibrium (SLE) diagrams, relating the altering of the melting 
temperature of the cholesterol with the composition of the bioactive, were 
experimentally evaluated. Also, thermodynamic models were used in order to evaluate 
their ability in simulating this melting behavior, which could be highly useful in studies 
on the formulation of new food products enriched by this bioactives.  Additionally, the 
SLE diagrams for saturated and trans-unsaturated fatty acids mixed with cholesterol, 
i.e., stearic and elaidic acids were also determined for correlating their negative or 




2. MATERIALS AND METHODS 
 
2.1. Materials and systems formulation 
 
Cholesterol (purity > 99% w/w Sigma-Aldrich), commercial octacosanol 
(Huzhou Nanxun Shengtao Botanical Co. Ltd., China, purity > 94% w/w (CUEVAS et 
al., 2017), α-tocopherol (purity > 96% Sigma-Aldrich), oleic acid (purity > 90% w/w 
Sigma-Aldrich), stearic acid (purity > 99% Sigma-Aldrich), and elaidic acid (trans-oleic 
acid, purity > 90% w/w Sigma-Aldrich) were used for the design of the systems. Binary 
systems (1 g, approximately) containing cholesterol and the fatty compound were 
formulated in concentrations between 0.0 < xcholesterol < 1.0 (where xcholesterol is the molar 
fraction of cholesterol) in an analytical balance (Precisa Gravimetrics AG, Dietkon, with 
a precision of 2×10-4 g). Samples were magnetically stirred at a temperature enough to 
the complete melting of the sample, under an inert atmosphere (Nitrogen 99.995% 
w/w, White Martins) in a thermostatized bath. Samples were then stored under 
refrigeration temperature (lower than 273 K) up to the other analyses. Uncertainties for 
molar fractions (propagation error) were established as lower than 5×10−4. 
 
2.2. Determination of liquid-solid phase diagrams 
 
Differential Scanning Calorimetry (DSC). The determination of the melting 
temperatures and enthalpies of the pure compounds and the melting temperatures of 
the cholesterol + biocompound binary systems, were performed by Differential 
Scanning Calorimetry, in a DSC8500 calorimeter (PerkinElmer, Waltham). Samples of 
3 - 5 mg, were gravimetrically prepared in a micro analytical scale AD6 (PerkinElmer, 
Waltham, precision of 2×10−6 g), and sealed in aluminum crucibles. The methodology 
consisted in heating and cooling cycles at 2 K min-1. This low rate can be considered 
reliable to simulate a quasi-equilibrium condition, according to previous works (COSTA 
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et al., 2009a; MAXIMO et al., 2014a, 2015). Some studies have used heating-cooling 
cycles with higher rates, for fatty compounds: ROZNER et al. (2009) used 2.5 K.min-1 
for heating and 10 K.min-1 for cooling ramps; CHRISTIANSEN et al. (2003) used 5 
K.min-1 and DUNN (2008) 10 K.min-1 for the ramps, obtaining reasonable results, and 
also peaks with more resolution depending on the case. This methodology allows the 
destruction of the thermal history of the sample and, therefore, the fusion/crystallization 
of more stable crystalline forms can be evaluated. The transitions were obtained at the 
peak temperatures observed in the DSC thermograms (heat flux vs. temperature). 
Peak temperatures were considered due to the appearance of overlapping or extended 
peaks. The enthalpies of the transitions were obtained through the area of the peaks. 
The PerkinElmer analysis software (Waltham) was used for this. The errors for 
experimental temperatures were established through the standard errors of the values 
obtained in triplicate for pure compounds, and selected binary mixtures, and were set 
to 0.54 K (mean value). 
 
Polarized optical microscopy. Additional details on the melting behavior of 
the pure compounds and their mixtures with cholesterol were investigated by optical 
microscopy using a Leica DM2500 optical polarized light microscope (Leica 
Microsystems GmbH, Wetzlar, Germany) equipped with a temperature control LTS420 
Linkam stage (Linkam Scientific Instruments Ltd, Tadworth) operating between 77 K to 
693 K. The methodology consisted in a heating cycle with a rate of 1 Kmin-1, smaller 
than those used in the DSC, considering the heat transfer effects of the equipment, 
and to similarly establish a quasi-equilibrium situation for evaluation of the phase 
equilibrium condition (COSTA et al., 2011; MAXIMO; COSTA; MEIRELLES, 2013, 
2014).  
 
Crystallography. X-ray diffraction was also used as a supplementary analysis 
in some cases. According to methodologies employed in previous works (COSTA et 
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al., 2009a, 2009b; MAXIMO et al., 2014b), a Philips X'Pert diffractometer (Philips 
Analytical, Almelo) as used in an anode reflection mode Cu–K (λ = 1.5406 Å) and 
graphite monochromator. The diffractograms (intensity vs. diffraction angle) were 
obtained between 0° to 200° with a Bragg-Brentano geometry (θ:2θ), and steps of 
0.02° each 2s.  
 
Nuclear Magnetic Resonance. In order to evaluate interactions stablished 
between some bioactives and cholesterol that could explain their role in the 
modification of the cholesterol melting behavior, 1H NMR spectra were done using an 
20 µL aliquot of the mixtures dissolved in 600 µL of CDCl3. A NMR Bruker Avance III 
500 MHz was used for obtaining the spectra taking into account a spectral window 
from -4.00 to 16.00 ppm, spectra with 32,768 points; 11.75 µs at 90° pulse; 5 s delay; 
and 16 scans (TOLEDO HIJO et al., 2017).  
 
Solid-liquid equilibrium diagrams. Solid-liquid phase equilibrium diagrams for 
the binary systems were constructed from the experimental data obtained by 
calorimetry (DSC) or by optical microscopy. Optical microscopy was used for this 
purpose when the resolution of the thermograms obtained by DSC was not clear, as it 
will be further discussed. The SLE diagram represented the behavior of the transition 
temperatures as a function of the concentration of the system and expressed the 
regions in which system comprises a liquid, or a solid phase, as well as a solid-liquid 
biphasic condition. For the resolution of the SLE, firstly the Margules equation with 2 
adjustable parameters (called as 3-suffixes Margules equation) were chosen in this 
work (Equation 1) (REID; PRAUSNITZ; POLING, 1987) for the calculation of the 
activity coefficient of the compounds in the mixture. The same equation was applied for 
the calculation of the activity coefficient in the liquid (x) and solid phases (z). The value 
of the activity coefficient, or γ, could determines if the interaction between cholesterol 
and the bioactive compound lead to separation phase, increase or decrease of the 
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solubility, among other analysis. There is no specific  literature for the calculation of γ of 
the compounds in the solid phase, except for the work of COUTINHO (1998) that used 
equations based on the calculation of excess Gibbs energy, such as UNIQUAC 
(COUTINHO; MIRANTE; PAULY, 2006; COUTINHO, 1998), NRTL (PRAUSNITZ, J. 
M.; LICHTENTHALER, R. N.; AZEVEDO, 1986) or Margules (REID; PRAUSNITZ; 
POLING, 1987). The Margules is a simple equation. The Margules equation with 2 
parameters (Parameters A and B of Equation 1) can distinguish different γ behaviors, 
which assumes that cholesterol (compound i) behave differently, from the 
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Equation 2 stablishes the SLE theory, in which the composition of the liquid 
phase and the solid phase are calculated by using the melting properties of the pure 
compounds and the γ equation. The resolution of the Equation 2 and the adjustment of 
Margules equations parameters, by regression of the experimental data, were done by 
using the Cristal-T algorithm (MAXIMO; COSTA; MEIRELLES, 2014).The algorithm, 
developed in MATLAB (The MathworksInc, Natick, USA) describes the liquidus line, i.e 
the temperature at which the last crystal of the mixture melts, and the solidus line, i.e. 
the temperature where the first crystal of the mixture melts. These are important limits 
in the description of the solid-liquid phase diagrams of the systems and could be used 
for further investigations in the area. In this equation, x,z, and γ  are the mole fraction of 
the component in liquid and solid phases, and the activity coefficient, respectively, R is 
the gas constant (8.314 J∙mol-1∙K-1), T is the melting temperature (K) of the mixture, the 
subscript fus stands for the melting properties of pure compounds ,T, H and Cp, 
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respectively temperature (T), enthalpy (J/mol) and heat capacity (J/(mol.K)). Since the 
value for the difference between the heat capacity of the solid and liquid phase at Tfus 
are available for the compounds used in this work, it was established as 50 J/(mol.K), 
which is an approximated value taking into account values for fatty compounds in liquid 
and solid phases (MAXIMO; COSTA; MEIRELLES, 2014; N. D. D. CARARETO, 2011; 
VAN BOMMEL; OONK; VAN MILTENBURG, 2004). The subscript tr stands for 
polymorphic transitions that might occur in some cases, discussed above. 
The ideal melting behavior, i.e. considering that compounds are independently 
crystallized in the solid phase (z.γS = 1), and γL for compounds in the liquid phase are = 
1, was also evaluated, and given by Equation 3. In this situation, polymorphism was 



















































3. RESULTS AND DISCUSSION 
 
3.1 Pure cholesterol melting behavior 
  
Figure 1 presents the thermogram obtained for the crystallization and melting 
profile for pure cholesterol by using Differential Exploratory Calorimetry. The 
experimental result shows one defined transition, where the peak temperature was 
close to 412 K, adopted as cholesterol melting temperature. The mean value obtained 
for replicates and it standard deviation was 411.71 ± 0.79 K. Also, a very well-defined 
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crystallization as observed with a value lower than 380 K. It means that cholesterol 
presents a very pronounced “thermal inertia”, in which crystallization temperature is 
significantly lower than melting temperature (the “gap” is higher than 30 K). This is 
interesting and supports the theory in which after melting, due to the complex structure 
of the molecule, the crystallization process requires a great energy removal. In fact, the 
crystallization enthalpy for cholesterol is higher than melting enthalpy of 26.9 ± 2.7 
kJ/mol, mean value from literature (CHEN et al., 2009; DOMALSKI; HEARING, 1996; 
IWAHASHI et al., 2001; KALOUSTIAN et al., 2003; MILTENBURG; GENDEREN; DEN 
BERG, 1998; PENG et al., 2008; PETROPAVLOV, N.N.; TSYGANKOVA, I.G.; 
TESLENKO, 1988) as observed in Figure 1 (peak areas). Moreover, according to 
Petropavlov et al. (1988), a solid-solid transition (polymorphism) occurs for cholesterol 
close to 304.8 K. This author also reports a very small enthalpy of 2,5 kJ/mol for this 
transition. The authors call this polymorphic form as “crystalline phase II” and the more 
stable form as “crystalline phase I”. With the thermogram (Figure 1) the polymorphic 
transition suggested by those authors was not observed probably due to its very low 
enthalpy.  
Data obtained by DSC was also analyzed by polarized optical microscopy 
(POM) as shown in Figure 2. POM could show a melting process slightly “broad” in 
agreement with DSC data. In fact, the melting peak observed by DSC is slightly large, 
where the beginning of the melting occurs at temperatures lower than 400 K and 
finishes at the melting temperature. This is also probably due to the complexity of the 
molecule, in which sharp, and well-defined melting processes are avoided. Otherwise, 
for the crystallization process, the peak observed in DSC is very sharp and well-
defined. It means that, due to the complexity of the structure, when enough energy is 
removed from the system the mobility of the molecule is drastically altered, favoring the 





Figure 1. DSC Thermogram obatined for pure cholesterol  
 
 
Figure 2. Images obtained by POM for pure cholesterol, showing the melting behavior 
of the most stable crystalline form.  
 
3.2. Cholesterol + fatty acids mixtures  
  
 Figures 3, 4 and 5 shows respectively, the DSC thermograms for the pure fatty 
acids evaluated in this work: oleic acid, stearic acid and elaidic acid. The thermograms 
showed the crystallization and the melting profile. The 3 compound clearly showed one 
well-defined melting transition, at 286.1 ± 1.3, 343.3 ± 0.19 and 317.6 ± 0.16 K 
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respectively for oleic, stearic and elaidic acids. Differently from what was observed for 
cholesterol, the “thermal inertia” for these compounds is not so pronounced, in which 
crystallization temperature is lower than melting temperature by 10 K approximately. 
Corroborating with the previous discussion for cholesterol, the crystallization, melting 
temperature, and, also, the thermal inertia for oleic acid is slightly higher than for 
stearic and elaidic, probably due to the irregular shape of the molecule: the cis-
unsaturation promotes the asymmetry of the molecule which probably decreases 
crystallization temperature (Figure 6). It is important to note that elaidic acid, or trans-9-
Octadecenoic acid is the trans-isomer of oleic acid. As extensively known in literature, 
this geometric isomery promotes the linearity of the molecule with increase of the 
melting temperature of the compound. However, the melting temperature increase of 
27 K approximately when compared to oleic acid is still lower than the melting 
temperature of stearic acid, that presents the same linearity of this trans-isomer. The 
linearity of this trans-isomer is also related to its hypercholesterolemic effect. This will 
be further discussed in this manuscript when the melting behavior for cholesterol + fatty 





Figure 3. DSC thermogram obtained for oleic acid 
 
 






Figure 5. DSC thermogram obtained for elaidic acid 
 
 
Oleic Acid, cis-9-Octadecenoic acid 
 
Elaidic Acid, trans-9-Octadecenoic acid 
 
Stearic acid; Octadecanoic acid 
Figure 6. Molecular structure for the fatty acids evaluated in this work 
 
 According to literature, fatty acids, especially in this case, oleic and stearic acids 
also present polymorphic forms, and their transition temperatures are very close to the 
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melting temperature: the polymorphic transition for oleic acid is at 286.45 K, while its 
melting temperature is at 286.5 K (SATO; YOSHIMOTO; SUZUKI; KOBAYASHI; 
KANEKO, 1990). For stearic acid, literature also reports the polymorphic transition at 
342.49 K and its melting temperature at 342.75 K (SCHAAKE, R.C.F.; VAN 
MILTENBURG, J.C.; DE KRUIF, 1982). Otherwise, no polymorphic transition is 
reported for elaidic acid.  Because such transitions had low enthalpies and also 
because they were very close to the melting temperature of the compounds, they could 
not be observed with a good resolution by DSC. Table 1 reports the melting 
temperatures and melting enthalpies obtained by several works in the thermophysical 
properties databank of the National Institute for Standards and Technology (NIST). 
Melting temperatures are all in agreement with data obtained in this work with a mean 
absolute deviation of 1.36 K. 
 
Table 1. Melting temperatures Tf and melting enthalpies ∆Hf for pure fatty acids from 
literature. 
 
Fatty acid Tf (K) ∆Hf (J/mol) Literature 
Oleic Acid 289.45 - (MOD et al., 1960) 
 286.5 39600 (DOMALSKI; HEARING, 1996) 
Stearic Acid 342.75 61300 (SATO et al., 1990) 
 338.3 60400 (MOORE et al., 2007) 
 342.8 63200 (MORENO et al., 2007) 
 344.1 57800 (TEIXEIRA et al., 2006) 
Elaidic Acid 317.6 61550 (DOMALSKI; HEARING, 1996) 
 317.2 - (ALVIK et al. 1972) 
 
 Figures 7 to 9 present the DSC thermograms obtained for the cholesterol + fatty 
acid mixtures, respectively for cholesterol + oleic acid, cholesterol + stearic acid, 
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cholesterol + elaidic acid. They show at least two transitions. the lower transitions that 
is more well-defined could be probably related to the eutectic transition. The higher 
temperature transitions is related to the melting of the mixture. The eutectic transition is 
defined as a non-variant transition: it means that it occurs at the same temperature and 
is related to the melting of the eutectic composition. The eutectic composition is the 
situation in which the mixture melts at the lowest melting temperature. It is more 
evident, in the DSC thermograms at concentration close to the fatty acid composition 
and less evident at concentration close to pure cholesterol. In fact, for oleic and elaidic 
acid, there is no eutectic transition at the concentration of 0.9 of cholesterol and this 
could indicate that at this region a solid solution (or also called as cocrystal) is formed. 
This will  will be further discussed at the discussion of the SLE phase diagrams.  
 DSC thermograms also reveals that the melting temperature of the mixture is 
very low, and in some case DSC did not showed resolution to stand a very clear 
transition. This could be also related to the complexity of the cholesterol molecule. In 
fact, it is reasonable that the crystalline structure formed by cholesterol and fatty acid 
should be organized in a less packed structure leading to a melting a high temperature 
but requiring few energy to melt. In the cases that DSC were not able to clearly show 
the transition micrographs were used. Some micrographs will be presented later. 
Another interesting fact that could be observed in the DSC thermograms is that the 
baseline, that should be linear during the heating, presented an unusual slope close to 
the final melting temperature of the mixture. Taking into account that the thermogram is 
the response of the sample about the energy absorption or releasing energy, one 
should suppose that during the melting, the mixture changes its energy absorption 
profile. This is interesting and also reveals that a complex organic compound, such as 
cholesterol, presents a well stable crystal structure, with a high melting temperature, 





Figure 7. DSC thermograms (heating) for cholesterol (1) + oleic acid (2) mixture. From 
top to bottom x (1) = 0.1; 0.2; 0.4; 0.6; 0.7; 0.8; 0.9. 
 
Figure 8. DSC thermograms (heating) for cholesterol (1) + stearic acid (2) mixture. 
From top to bottom x (1) = 0; 0.1; 0.2; 0.3; 0.4; 0.5; 0.7; 0.8; 0.9 





























Figure 9. DSC thermograms (heating) for cholesterol (1) + elaidic acid (2) mixture. 
From top to bottom x (1) = 0.1; 0.2; 0.3; 0.5; 0.6; 0.7; 0.8; 0.9 
 
 Table 2 summarizes the thermal events observed in the DSC analysis, including 
the information obtained by micrographs, i.e, experimental melting temperature data, 
and experimental eutectic transition temperatures for the mixtures. It is important to 
note that with the micrography, experimental data obtained are related to the final 
melting temperature of the sample. Therefore, the temperatures observed during 
micrography are in all cases some degrees higher than those obtained by DSC. This 
effect was more pronounced in the mixtures.  
Figures 10 to 12 shows the Complete Solid-Liquid Equilibrium Phase diagrams, 
respectively for the cholesterol + oleic acid, cholesterol + stearic acid, cholesterol + 
elaidic acid mixtures. The figures sketches the experimental data (i.e, eutectic and 
melting temperatures) obtained by DSC and/or micrography for each mixture (from 0 to 
1 molar fraction of cholesterol). They also shows the two modeled transition curves by 
using the ideal approach (Equation 3) and by using the Margules γ equation (Equation 
2).  
 Based on Figures it is possible to observe that all SLE Phase Diagrams of the 















systems composed of fatty acids and cholesterol exhibit the formation of a eutectic 
profile. It means that there is a minimum concentration and temperature in which each 
system begins to melt. This point is called eutectic point. In all cases the eutectic point 
are close to pure fatty acid concentration. In case of oleic acid, this point occurs very 
close to the pure compound. In this system it is virtually impossible to observe this 
point, experimentally. This is due to the very low melting temperature of oleic acid, 
which leads to a behavior that literature also call as monotectic behavior. If the 
difference of the melting temperatures of the pure compounds are high, SLE tends to a 
monotectic behavior. In case of stearic and elaidic acid systems this did not occurs. 
The eutectic point could be experimentally determined and its value is close to x = 0.15 




Table 2. Experimental solid-liquid equilibrium data for oleic acid + cholesterol, stearic acid + cholesterol and elaidic acid + cholesterol. 
(uncertainties for molar fraction x, σ = 0.005; DSC temperature Tfus DSC, σ  = 0.54 K; microscopy temperature, Tfus mic σ = 1.0 K). 
 
Cholesterol (1) + Oleic acid (2) Cholesterol (1) + Stearic acid (2) Cholesterol (1) + Elaidic acid (2) 
x Teuta Tfus DSCa Tfus micb x Teuta Tfus DSCa Tfus micb x Teuta Tfus DSCa Tfus micb 
0.101 280.19 c - 0.102 337.43 c 343.85 0.100 312.75 c 315.75 
0.200 278.57 c 341.45 0.199 336.61 c 343.45 0.200 312.95 c 334.75 
0.299 278.66 c 359.00 0.297 334.22 c 342.85 0.300 311.75 c 363.25 
0.398 278.10 c 379.65 0.405 332.36 c 372.95 0.400 308.59 c 370.05 
0.497 278.72 382.14 393.85 0.499 331.65 c 389.45 0.500 311.04 376.34 388.45 
0.597 277.89 388.29 404.55 0.604 - c 392.05 0.600 310.05 389.73 389.73 
0.695 277.78 388.23 408.55 0.702 327.94 385.15 398.65 0.699 309.66 393.77 404.85 
0.799 277.03 396.37 412.05 0.801 326.60 393.15 407.75 0.800 307.49 398.15 407.95 
0.896 - 406.92 - 0.902 320.53 400.96 410.65 0.899 - 405.15 409.65 
 
a = peak temperature; b = temperature for complete melting of the sample;  
c = DSC did not provide resolution to obtain this value. 
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 The eutectic behavior establishes a situation in which the solid phase is formed 
by two crystals that are independently crystallized. However, as observed in the 
experimental DSC data, for the elaidic acid + cholesterol and oleic acid + cholesterol 
systems at x = 0.9 (molar fraction of cholesterol) no eutectic transition is observed and 
this is an indicative of formation of solid solution (or cocrystal) in this region. A solid 
solution occurs when during the recrystallization of the system the molecular structure 
of a molecule is packed into the molecular structure of the other crystal forming one 
single crystalline structure. This is very common for lipidic mixtures as observed in 
literature (MAXIMO et al., 2014b; MAXIMO; COSTA; MEIRELLES, 2014; WESDORP, 
1990). In this case, since this situation occurred at a region close to pure cholesterol 
concentration, it is possible to affirm that the fatty acid structure are “inside” the 
cholesterol structure. 
The formation of solid solution could be also observed by the Tammann plots, 
(Figure 13). Tammann plots shows the behavior of the eutectic transition enthalpy as a 
function of the concentration. It is expected in this graph that the enthalpy increases 
linearly up to the eutectic point, when it starts to decrease. If the enthalpy goes to zero, 
no eutectic is observed and so, probably, a solid solution is observed. Therefore, a 
regression of the experimental data was done, and two lines could be obtained. 
Continuous lines are for the regression of the data.  For the oleic acid system, the 
dotted line is a hypothetical line, that was built due to the lack of experimental points 
very close to pure oleic acid.  For the systems composed of elaidic and oleic acid the 
linear trends clearly shows that at the right-hand side of the plot (cholesterol side) Heut 
= 0 at a concentration close to x = 0.9, with a R2 > 0.99. However, due to all of was 
observed in DSC, for the stearic acid system, it was expected that Heut = 0 at a 
concentration close to x = 1.0. However, Heut = 0 at a region of 0.9 < x < 1.0. In fact, the 
DSC showed a eutectic transition for this system at x = 0.9. However, the Tammann 
analysis proposes that for this system, analogously what occurs for oleic and elaidic 
acid a very small region of solid solution appears very close to the pure cholesterol 
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composition. Thus, taking into account the results of the Tammann plots, one should 
establish the following order, taking into account the ability of the fatty acid in forming 
solid solutions (or cocrystals) with cholesterol: oleic acid > elaidic acid > stearic acid.  
 
Figure 10. SLE diagram for cholesterol + oleic acid; experimental melting point obtained 
by DSC ( ), and by POM (∆). experimental eutectic transition by DSC (x). (−) ideal SLE 
behavior. (- - -) calculated by using the Margules equation. 
 
Figure 11. SLE diagram for cholesterol + stearic acid; experimental melting point 
obtained by DSC ( ), and by POM (∆). experimental eutectic transition by DSC (x). (−) 
62 
 
ideal SLE behavior. (- - -) calculated by using the Margules equation. 
 
 
Figure 12. SLE diagram for cholesterol + elaidic acid; experimental melting point 
obtained by DSC ( ), and by POM (∆). experimental eutectic transition by DSC (x). (−) 
ideal SLE behavior. (- - -) calculated by using the Margules equation. 
 
Figure 14 shows some micrographs in order to confirm some observations done 
with the SLE phase diagram and Tammann plots. They show some chosen 
compositions for each system. For the cholesterol + oleic acid some micrographs at 
temperatures above the melting temperature were highlighted. The final melting for 
these systems are very clear and by using microscopy occured a temperature slightly 
higher than that observed by DSC as previously commented. The eutectic transition is 
highlighted with the stearic acid systems. The difference in the solid phase before and 
after the eutectic concentration is evident: before the eutectic point, the solid phase is 
composed by fatty acid when crystals are thinner and elongated.; after the eutectic 
point, the solid phase is granular, that according previous analysis could be related to a 
solid solution. The formation of the solid solution (or cocrystal) is clearly observed at 
the elaidic acid, when system is still solid at a temperature higher than eutectic 
63 
 
temperature, indicating the presence of a situation in which only solid solution is in the 
solid phase. 
After all these experimental observations, it is clear that this system is nonideal. 
However, the ideal behavior depicted in the SLE shows that the experimental melting 
curves are close to the modeled curves. This means that the liquid phase for these 
systems are very close to the ideal behavior, i.e. the activity coefficient is close to 1. 
However, through the ideal behavior the solid phase, it is considered as independently 
crystallized, i.e. z.γ = 1. Due to the formation of the solid solution by applying the γ 
equation, i.e. the 3-suffixes Margules equation the solidus line could be well 
represented and so the solid solution region. The values for the activity coefficient of 
the compounds in the solid phase are in all cases higher than 1. For the stearic acid, 
values are higher indicating that the cholesterol + stearic acid interations are not 
favorable in the solid phase. For oleic and elaidic values are lower, indicating that the 
cholesterol + fatty acid interactions are more favorable. This corroborates with the 
tendency to form solid solutions that was observed.  
In summary, 5 main regions are observed in all cases: a solid phase below the 
solidus line, a liquid phase above liquidus line, 1 solid solution phase, close to the pure 
cholesterol concentration and 2 biphasic regions, 1 at the left-hand side of the eutectic 
point, composed of solid fatty acid + liquid phase and 1 at the right-hand side of the 










Figure 13. Tamman plots of eutectic transitions ( ) for (A) oleic acid + cholesterol. (B) 
stearic acid + cholesterol and (C) elaidic acid + cholesterol as well as linear regression 





Cholesterol + Oleic Acid 
 
Cholesterol + Stearic Acid 
 
Cholesterol + Elaidic Acid 
Figure 14. Micrographs at different temperatures and concentrations for some 





3.3. Cholesterol + α-tocopherol 
 
Figure 15 shows the thermogram for α-tocopherol that in fact was a flat line. 
The sample was cooled to 193 K, the minimum temperature allowed by the equipment, 
and crystallization was not observed. In fact, there is no data in literature that indicate 
its Tfus or ∆Hfus. Therefore, optical microscopy was used and the compound could be 
crystallized at temperatures below 143 K. After the crystallization. the compound was 
melted and the melting was observed. With the microscopy it was possible to observe 
that the melting of α-Tocopherol  started at a temperature close to 243 K and ended at 
a temperature close to 253 K (Figure 16). α-Tocopherol is a very viscous compound at 
room temperature. This high viscosity is probably due to strong intermolecular 
interactions: the molecule is composed of a hydrocarbon and ramified chain, 1 
oxygenated ring and a phenolic ring (Figure 16). This shape proposes strong π – π 
interactions. Then, viscosity tends to increase when temperature decreases. However, 
due to the asymmetry of the molecule formation of crystalline units was avoided, 
decreasing their melting temperature. It is possible that a fraction of the system is not 
crystallized, standing amorphous. However, the crystallinity, i.e,  the crystalline fraction 
of the sample at the solid phase was not measured.   
Table 3 presented the experimental solid-liquid equilibrium data for cholesterol 
+ α-tocopherol, i.e. the melting temperature. In this case, the eutectic temperature was 
difficult to establish but seems to be close to the temperature in which tocopherol starts 
to melt, it means close to 243 K. Experimental data was plotted and the SLE phase 
diagram was depicted in Figure 17. Also, the SLE theoretical data by using the ideal 
approach and by using the 3-suffix Margules equation were also depicted. 
Experimental data shows a minimum temperature value close to x = 0.1, that could be 
associated to an eventual eutectic temperature. When the ideal melting temperature 
(ideal curve, continuous line) for x = 0.1 is observed, one could observe a very 
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significant decrease of the melting temperature. This means that α-tocopherol induces 
a decreasing of the melting behavior of cholesterol showing that significant 
intermolecular interactions are stablished in the liquid phase. By applying the Margules 
3-suffixes for the calculation of the activity coefficient of the compounds in both phases, 
it is possible to describe a SLE with a eutectic close to x = 0.1. However for modeling, 
the melting enthalpy of pure compounds are required, and no data for tocopherol are 
available. Therefore, a value for enthalpy was set at 1000 J/mol. If a higher or a lower 
value is set, the eutectic point close to x= 0.1 and T = 243 K is not designed. 
Therefore, in this work it is proposed that the melting enthalpy for tocopherol is close to 
this value and could be used for the same purpose in other works. 
 
 







Figure 16. Molecular structure of  α-Tocopherol and micrographs of its melting profile  
 
   
Table 3. Experimental solid-liquid equilibrium data for cholesterol + α-tocopherol 
(uncertainties for cholesterol molar fraction x, σ = 0.005; DSC temperature Tfus DSC, σ  = 
0.54 K; microscopy temperature, Tfus mic σ = 1.0 K ). 
x Tfus DSCa Tfus micb 
0.10 c 281.8 
0.30 c 355.0 
0.50 c 386.0 
0.70 397.76 - 
0.80 407.12 - 
0.90 409.54 - 
 
a = DSC peak temperature; b = temperature for complete 





Figure 17. SLE phase diagram for α-tocopherol + cholesterol; experimental melting 
point obtained by polarized optical microscopy (∆). (−) ideal SLE behavior. (- - -) 
calculated by using the Margules equation. 
 
Figure 18 shows some micrographs for the system cholesterol + tocopherol at x 
= 0.5 showing that up to 243 K, i.e., the possible eutectic transition system was solid. A 
further evaluation of this system was provided by Nuclear Magnetic Resonance (NMR) 
showed in Figure 19. Since a very significant melting decrease is observed one should 
suppose that in the liquid phase significant interactions occurs. Since through H-NMR 
the peaks are related to the Hydrogen of the structure of the compound, one should 
expect that if strong interactions are established, at the cholesterol + tocopherol 
mixture the peaks related to pure cholesterol or pure tocopherol could present 
deviations. i.e. they might appear at lower or higher “ppm” values. However none of 
this was seen. If no significant interaction is seen in the liquid phase, interactions of the 
compounds in the solid phase should be responsible for the significant melting 





















Figure 18. Micrographs at different temperatures cholesterol + α-tocopherol x = 0.5. 
 
 
Figure 19.RMN diffractograms from top to bottm: pure cholesterol, x = 0.5 
cholesterol + α-tocopherol, pure α-tocopherol. 
 
3.4. Cholesterol + octacosanol 
 
Figure 20 and 21 show the molecular structure and DSC thermogram for pure 
octacosanol and Table 4 shows the solid-liquid equilibrium data for the system. The 
compound shows two well defined transitions, probably related to a polymorphic 
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transition (the low temperature transition) and the melting phenomenon (the high 
temperature transition). No data, especially in the thermophysical properties databank 
of the National Institute for Standards and Technology (NIST) were found for this 
compound. Values were calculated at 354.4 ± 0.24 K for melting temperature and 
350.9 ± 0.17 K for polymorphic transition temperature. This polymorphism could be 
attributed to its long carbon chain that gives freedom for the molecule to pack in 
different arrangements in the crystalline phase. 
 
 




Figure 21. DSC Thermogram for pure octacosanol  
 
 















Table 4. Experimental solid-liquid equilibrium data for cholesterol + octacosanol. 
(uncertainties for molar fraction x, σ = 0.005; DSC temperature Tfus DSC, σ  = 0.54 K; 
microscopy temperature, Tfus mic σ = 1.0 K ). 
x Teut DSC Tfus DSCa Tfus micb 
0.099 - 353.44 355.00 
0.181 343.36 350.15 353.00 
0.304 349.82 364.50 364.50 
0.382 348.53 384.62 - 
0.466 348.83 - 390.00 
0.612 348.09 391.15 396.00 
0.687 347.74 391.15 402.00 
0.787 345.32 394.39 411.00 
0.886 345.04 402.04 413.00 
a = DSC peak temperature; b = temperature for complete melting of the sample;  
 
Figure 22 presents the DSC thermograms for the system cholesterol + 
octacosanol and Figure 23 the experimental SLE phase diagram as well as the 
modeling, considering ideal thermodynamic behavior and considering the Margules 
equation for calculation of γ of the compounds. Figure 24, shows some micrographies 
of the system with molar fraction of cholesterol x = 0.6. The phase diagram shows that 
the compounds present behavior very similar to the ideal thermodynamic behavior. 
Through DSC only the eutectic line was detected: the melting transitions, similarly what 
occurs for systems of cholesterol + fatty acid, did not provide resolution, probably due 
to the very broad melting transitions of cholesterol. The polymorphic transition for 
octacosanol was observed at the left-hand side of the diagram (before eutectic 
concentration). The eutectic point was stablished close to x = 0.25 and at a 





Figure 22. DSC thermograms (heating) for cholesterol (1) + octacosanol (2) 
mixtures. From top to bottom x (1) = 0.1; 0.2; 0.3; 0.4; 0.5; 0.6; 0.7; 0.8; 0.9 
 
Figure 23. SLE phase diagram for cholesterol + octacosanol; Experimental data 
obtained by POM (∆), and DSC ( ) (−) ideal solid-liquid lines, (--) simulated solid-liquid 

























Figura 24. Micrographs at different temperatures and at x = 0.6 for the cholesterol + 
octacosanol system 
 
For the evaluation of the eutectic transition, in order to verify this point, as well 
as the presence of some solid solution as stated in the other cases, Figure 25 depicted 
the Tamman plot of this system. It shows that the enthalpy of the eutectic transition 
tends to zero for molar fractions close to x = 0.90 molar fraction of cholesterol, which 
means that in fact this is a simple eutectic diagram. On the other hand, at the 
octacosanol side, enthalpy is zero close to pure octacosanol. Octacosanol is a long 
fatty alcohol (28 carbons) and it was expected that its behavior was similar to what was 
observed for fatty acids, especially for stearic acid. This fatty acid also presents a long 
and saturated chain and also presented a small region of formation of solid solution.  
In this case, X-ray diffraction were evaluated and Figure 26 shows the 
diffractograms. Some characteristic peaks of cholesterol were not evidenced in the 
diffractograms of the mixtures or decreased in intensity. However, octacosanol peaks 
remained present and with significant intensity at almost all concentrations. This 
change of the crystalline profile of the mixture evidences a partial interaction between 
the compounds in the solid phase, proposing the existence of cocristais. This is an 
uncommon behavior because it was expected that the compound that is most present 
in the solution, in this case cholesterol, coordinate the crystalline structure of the 
system. However, this occurred probably due to the higher size of octacosanol 
compared to the cholesterol molecule. 
 




Figure 25. Tamman plot of the eutectic transitions ( ) for cholesterol + octacosanol 
and linear regression of the data (−).  
 
 










4. REMARKS AND CONCLUSIONS 
 
 In this work the melting behavior of cholesterol in the presence of 3 claimed 
hypocholesterolemic bioactives compounds: oleic acid, tocopherol and octacosanol 
and 2 claimed hypercholesterolemic lipidic compounds, stearic and trans-oleic acid 
were evaluated. Except for tocopherol all the other systems (fatty acids and 
octacosanol) presented a profile in which there is no decreasing of the melting 
temperature of cholesterol in a mixture (as it would present in any mixture). However, a 
significant interaction in the solid phase was seen, with the appearance of solid 
solutions in a region close to pure cholesterol concentration. It means that fatty acids 
and octacosanol could form new crystalline structures (solid solution, or cocrystal) that 
alter the beginning of the melting temperature of a mixture rich in cholesterol. 
In fact, by presenting similar profiles, it is difficult to assume some evidence that 
fatty compounds such as those evaluated are involved in a significant physicochemical 
interaction with cholesterol during the digestion, as occur in the case of phytosterol. 
However, it is evident that, for example, oleic acid was that one that presented the 
strongest interaction with the crystalline cholesterol, due to its asymmetry and 
molecular conformability also in the solid phase, inducing the formation of cocrystals. 
However some interactions may occur both in enteric step, considering their 
concentration in vegetable oils, but also in the blood plasma. 
On the other hand, the presence of tocopherol strongly altered the melting 
behavior of cholesterol. It means that at mixtures of up to 70 % molar of tocopherol, 
approximately, the melting temperature of the mixture was below body temperature. 
Some works shows that vitamin E, or tocopherol, are present in the blood plasma and 
as an antioxidant, can present positive effects for the mitigation of oxidation 
phenomena (SAMPAIO et al., 2013). However, this effect on cholesterol melting 
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Digestion of cholesterol begins in the small intestine, with the enzymatic hydrolysis of 
the compound, present in the food matrices in the form of esters. Literature reports that 
ingestion of phytosterols contributes at this step, by forming “cocristals” (or “solid 
solutions”, using a more formal thermodynamic definition) with cholesterol, altering its 
absorption. Consequently, the blood plasma cholesterol is also reduced. However, 
despite this theory is the most diffused in literature, there is no study, from the 
thermodynamic point of view, that describes the complete phase behavior of this 
system, characterizing the conditions for achieving this condition. Thus, the objective of 
this study was to describe the complete solid-liquid phase equilibrium (SLE) of the 
cholesterol + phytosterol system, and evaluate the reproduction of this behavior during 
an in vitro digestibility method. The SLE diagram was obtained by DSC, microscopy 
and characterized by X-ray diffraction. Also, the SLE was modeled by the classical 
thermodynamic theory. In the sequence, this system was submitted to a simulated 
digestion, by using an official protocol. Solid phase after simulated digestion was also 
characterized by microscopy and DSC. Results showed that solid solution was formed 
throughout the concentration range, with a very low melting temperature decrease. The 
SLE theory could well-describe this behavior, which is a significant information in order 
to build a future databank for simulation of the digestive process. Through DSC and 
microscopy it was possible to observe the altering of the melting behavior of 
cholesterol, similarly what occurs by mixing pure cholesterol and phystoterols, 
corroborating with the solid solution formation theory during digestion. In fact, this is 
very interesting since only mechanical and electrostatic forces are used during 
digestion. Moreover, this work established that in any concentration, phytosterols are 
relevant for an alternative cholesterol reduction, if it is considered that the solid solution 







Among the biodrugs acting as reducers of cholesterol levels in the human body, 
phytosterols have been certainly one of the most studied in literature. Phytosterols are 
sterols, as well as cholesterol, especially found in the composition of vegetable oils, 
such as canola, olive, corn, palm and soybean (PHILLIPS et al., 2002). There are more 
than 40 types of sterols of different plants identified, but the most abundant is β-
sitosterol, although it is generally found in mixtures composed of 70 % β-sitosterol and 
30 % of β-sitostanol and campesterol (Figure 1) (TRAUTWEIN et al., 2003). Their 
intake have been directly associated with the decrease of the blood plasma cholesterol 
as well as the molecular lipoprotein LDL complex, through a cycle that, according to 
several authors, starts with the inhibition of the cholesterol absorption from the diet in 
the intestine  (AMIOT et al., 2013; OGIER et al., 2013; TRAUTWEIN et al., 2003). As a 
result, less cholesterol is transported into the enterocytes being excreted in the feces. 
As a consequence, for the maintenance of the cholesterol homeostasis in the 
organism, the metabolism that rules the cholesterol accumulation in the liver as well as 
the formation of the lipoprotein LDL is altered, promoting its reduction in the blood 
plasma.  
Weststrate and Meijer (1998) showed this positive result performing tests in 
humans. Margarines enriched with phytosterols were administered in a diet of 1.5 - 3.3 
g/day and an effective reduction in the blood cholesterol level was observed. This 
reduction, probably promoted by the reduction of the absorption of the dietary and 
endogenous cholesterol was showed by Sanders and coauthors (2000). By using rats, 
the authors observed that after the ingestion of phytosterols dissolved in vegetable oil, 













Figure 1. Molecular structures of some phytosterols and cholesterol 
 
For all these reasons the BRAZILIAN SOCIETY OF CARDIOLOGY, through the 
document “Brazilian Guidelines of Dislipidemias and Atherosclerosis Prevention” (SBC, 
2017) recommends the daily intake of 2 g of phytosterols in addition to a healthy diet in 
order to ensure the reduction of the blood cholesterol, considering that there is no 
chronic origins for the disease. In fact, as a hydrophobic biocompound, phytosterols 
are easily soluble in lipidic matrices (CUSACK; FERNANDEZ; VOLEK, 2013; LIN et al., 
2010) and, for this reason, their addition in margarines, spreads or yogurts, for 
example, is a diffused commercial application (ALLMAN-FARINELLI et al., 2005; 
WESTSTRATE; MEIJER, 1998).  
The mechanisms of blood cholesterol lowering through the ingestion of 
phystosterols are not a recent issue and some theories are already the scope of 
several studies (LIN et al., 2010; RACETTE et al., 2015; TRAUTWEIN et al., 2003). 
Among the mechanisms proposed to explain the activity of phytosterols in the 





mechanism (CHRISTIANSEN et al., 2003; ROZNER et al., 2009; ROZNER; GARTI, 
2006). Through this mechanism phytosterols and cholesterol forms a "mixed crystal" or 
a "cocristal" whose absorption is lower than the single crystal of cholesterol (BOND, 
2007; NATARAJAN et al., 2013). The cocrystallization is a process largely used in the 
pharmaceutical industry for the development of crystalline structures for the transport of 
drugs and controlled release in the body, as it alters the stability, solubility, and the 
bioavailability of the biomolecule carried, while maintaining its structure intact  (WANG 
et al., 2014). In addition, it also naturally occurs in systems rich in lipidic compounds 
(MAXIMO et al., 2014a; MAXIMO; COSTA; MEIRELLES, 2014; WESDORP, 1990), 
resulting in modifications of their thermal and mechanical properties (ACEVEDO; 
MARANGONI, 2010; MARANGONI; NARINE, 2002; NARINE; MARANGONI, 1999; 
TANG; MARANGONI, 2007).  
In fact, the term “cocrystal” is apparently controverse in literature but in this 
work it will be applied the term used by the classical phase equilibrium thermodynamics 
that call it as a “solid solution” (LEUNER; DRESSMAN, 2000; MAXIMO et al., 2014b; 
MORRISON; SUN; NEERVANNAN, 2009; MÜLLER-GOYMANN, 2004; NYQVIST-
MAYER; BRODIN; FRANK, 1986). According to Mcnaught and Wilkinson (1997) a 
solid solution is a thermodynamic situation in which a compound is fitted to the crystal 
lattice of other compound, forming an unique crystalline cell.  This situation differs from what 
occurs, for example, in the case of a peritectic compound, in which a crystal arrangement 
occurs in a single stoichiometric composition  (SLAUGHTER, 1995).  In the case of a solid 
solution the phenomenon occurs in a range of concentration of the system or throughout the 
concentration range. It is said so that compounds are not independently crystallized, as 
occurs for simple eutectic systems. Figure 2 shows both situations (COSTA et al., 2009a, 
2010a, 2010b; MAXIMO et al., 2014a; MAXIMO; COSTA; MEIRELLES, 2013). Figure 
2A, shows two types of solid solution: a solid solution A (SSA), rich in the compound A, 
and solid solution B (SSB), rich in the compound B. In the solid phase both solid 









(A)                                                         (B) 
Figure 2. Solid liquid equilibrium phase diagrams showing a solid solution at some 
regions of the phase diagram (A) and showing a solid solution formed in any 
concentration of the system (B). “SSA” means “solid solution A”, liquidus line is where 
the final melting of the system occurs, and solidus line is where beggins the melting of 
the system, x and z are the molar fractions of the compound in the liquid phase and 
solid phase. 
 
Lipid compounds naturally exhibit a complex behavior during crystallization, 
which leads to nano-, micro and macrostructures (ACEVEDO; MARANGONI, 2010; 
BRUIN, 1999; HIMAWAN; STAROV; STAPLEY, 2006; MARANGONI et al., 2011). 
Crystalline structure of fats and oils comprises different polymorphic forms, liquid 
crystalline phases, and solid solutions that influence their physical properties at the 
macroscopic level (ACEVEDO; MARANGONI, 2010; CUSHEN et al., 2012; 
MARANGONI et al., 2011; ROGERS, 2011). To form a solid solution it is necessary 





structures (BOND, 2007; NATARAJAN et al., 2013) or that, during the crystallization of 
the system, one of the compounds is conformed to the crystalline structure of the other 
compound. This is particularly seen in the cholesterol and phytosterol system (Figure 
1) (CUSACK; FERNANDEZ; VOLEK, 2013) such that molecular structures of both 
compounds present a great similarity, with the exception of few molecular branches.  
However, despite the fact that literature has assumed that cholesterol and 
phystosterol forms a solid solution (CUSACK; FERNANDEZ; VOLEK, 2013) the 
question if this structure is really formed during digestion and in which concentration is 
the issue of some works in literature. Mel’niokv and coauthors (2004) using an 
simplified in vitro digestibility methods simulated the enteric step of digestion, where 
cholesterol digestion mainly occurs. The simulation was done by using an aqueous 
system composed of pancreatic porcine lipase and a "model meal", composed of 
cholesterol, phytosterols and vegetable oil. After the process, considering that 
cholesterol is soluble in the oil phase, authors concluded that the cocrystallization 
theory was not valid. However, this work does not effectively describe the stages of the 
digestive process, i.e. following three main steps: oral, gastric and enteric. Moreover, it 
used a too simplified system: this because the gastrointestinal system in a complex 
media that in fact is also submitted to mechanical forces that is not fully considered in 
the case of that work.  
Although the cocrystallization process, or the formation of solid solutions is a 
clue to explain the mechanism of the solubility and absorption of cholesterol in the 
intestine by the ingestion of phytosterol, studies in literature are still scarce, particularly 
regarding the systematization of the phase equilibrium effect of these biocompounds in 
a mixture with cholesterol. Therefore, this work was aimed at determine the complete 
solid-liquid equilibrium behavior of the pseudo-binary system phystoterol + cholesterol 
in order to determine in which concentration of solid solution is formed. Moreover, it 





more complete in vitro digestibility protocol, published by Minekus and coauthors 
(2014). 
 
2. MATERIALS AND METHODS 
 
2.1. Solid-liquid equilibrium behavior 
 
In order to elaborate the pseudo-binary system (1 g, approximately, at each 
concentration), β-sitosterol (purity > 70 % with a residual fraction of β-sitostanol and 
campesterol, Sigma-Aldrich), and cholesterol (purity > 99% w/w Sigma-Aldrich) were 
used. The pseudo-binary system containing cholesterol and the biocompound were 
formulated in molar fraction of cholesterol between 0.0 and 1.0 (totalizing 9 mixtures + 
two pure conditions) in an analytical balance (Precisa Gravimetrics AG, Dietkon, 
precision of 2×10-4 g). Samples were prepared by magnetical stirring applying a 
temperature higher than the melting of the samples (T > 140°C), under an inert 
atmosphere (Nitrogen 99.995% w/w, White Martins) and sequentially stored at 
temperature lower than 273 K for the other analyses (uncertainties for molar fractions, 
determined by error propagation, were defined as 5 × 10−3).  
Differential Scanning Calorimetry (DSC) was applied by using a DSC8500 
calorimeter (PerkinElmer, Waltham) for determination of the melting temperatures and 
enthalpies of the pure compounds and the melting temperatures of the cholesterol + 
phytosterol system. Using a micro analytical balance AD6 (PerkinElmer, Waltham, 
precision of 2×10−6 g), samples of up to 5 mg were gravimetrically prepared and sealed 
in aluminum crucibles. In order to simulate a quasi-equilibrium condition in a more 
reliable condition a heating-cooling cycle was used at 1 K min-1 following 
methodologies previously described in the literature (COSTA et al., 2009a; MAXIMO et 
al., 2014c, 2015).  The Perkin Elmer analysis software (Pyris Analyzer, Waltham) was 





peak top temperature of the thermograms due to the appearance of extended peaks. 
The melting enthalpies of the pure compounds were obtained through the area of the 
peaks. Melting temperature error were established through the standard errors of the 
values obtained in triplicate for pure compounds and binary mixtures, and set to 0.3 K. 
Additional details on the melting behavior of the pure compounds and their mixtures 
was obtained by optical polarized light microscopy (DM2500, Leica Microsystems 
GmbH, Wetzlar, Germany) equipped with a temperature control stage (LTS420, 
Linkam Scientific Instruments Ltd, Tadworth). For this, a heating procedure was done 
by using a rate of 1 Kmin-1, similarly to what was used in the DSC evaluation (COSTA 
et al., 2011; MAXIMO; COSTA; MEIRELLES, 2013, 2014).  
By using the DSC and microscopy experimental data, a complete solid-liquid 
phase equilibrium diagram for the pseudo-binary system was built. The SLE diagram 
represented the behavior of the melting temperatures as a function of the concentration 
of the system and expressed the regions in which system comprises a liquid, a solid 
phase, and a solid-liquid biphasic condition. It also could help in the comprehension of 
regions in which solid solution was formed. The SLE was also modeled by the SLE 
theory, expressed by Equation 1, in which the composition of the liquid phase and the 
solid phase are calculated by using the melting properties of the pure compounds (or 
pseudo compound, in case of phystosterol) and by applying an activity coefficient γ 
equation. In this work the Margules equation with 2 adjustable parameters (known as 
3-suffixes Margules equation) was chosen (REID; PRAUSNITZ; POLING, 1987) for the 
calculation of the activity coefficient of the compounds in both phases. In this case, in 
order to express the appearance of the solid solution, it is essential consider that the 
activity coefficient of the compounds in the phases are different from 1. It means that 
there are important interactions between both compounds that are responsible for the 
establishment of the solid solution. The resolution of the Equation 1 and the adjustment 
of the parameters of the 3 suffixes Margules equations parameters were done by using 




















where x, z, and γ are the mole fraction of the component in liquid and solid phases, and 
the activity coefficient, respectively, R is the gas constant (8.314 J∙mol-1∙K-1), T is the 
melting temperature (K) of the mixture, the subscript fus stands for the melting 
properties of pure compounds. T and H represent temperature and enthalpy (J/mol).  
The formation of solid solutions in the mixtures was also evaluated by powder 
X-ray diffractometry (Philips X'Pert, Philips Analytical, Almelo). The method used an 
anode reflection mode Cu–K (λ = 1.5406 Å) and graphite monochromator, with the 
obtaining of diffractograms from 0° to 200° with a Bragg-Brentano geometry (θ:2θ), and 
steps of 0.02° each 2s (COSTA et al., 2009a, 2009b; MAXIMO et al., 2014a). 
 
2.2. In vitro digestibility  
 
A system containing the mixture of cholesterol + phytosterol at the molar 
fraction x = 0.5 and water, at a mass ratio of 1:5 (sterols:water) were subjected to an in 
vitro digestibility analysis. The choice of this molar fraction is based on the 
experimental results, and will be further explained. Pure cholesterol was also submitted 
to the analysis and used as a standard behavior.  
The methodology applied was the one suggested by Minekus and coauthors 
(2014) and is based in the static method. This method is based on 3 steps. The first 
step, that simulates the oral phase was, in this case, neglected due to the fact that the 
system does not present carbohydrates (according to the protocol). The evaluation, 
thus, followed the scheme presented in Figure 3 and used the apparatus of Figure 4. 
Before starting the gastric and enteric phases, pure solid cholesterol, pure solid 
phytosterol and water were put in the vessel without previous treatment, simulating the 





vessel, under magnetic stirring, at low rate, and with a temperature controlled by a 
thermostatic bath at 37 °C. The gastric digestion conditions were simulated by the 
addition of Simulated Gastric Fluid (SGF) (Table 1), porcine pepsin at 25,000 U.ml-1, 
0.3 M CaCl2 and 1 M HCl for adjustment of the pH to 3,0. The pH was controlled by a 
pHmeter and sample was stirred for 120 minutes. In the sequence, the enteric stage 
conditions were simulated by addition of simulated enteric fluid (SGF) (Table 1), 
pancreatin 800 U.ml-1, 0.3 M CaCl2 and 1 M NaOH for adjustment of the pH to 7,0. The 
pH was controlled by a pHmeter and the sample was stirred for further 120 minutes. 
Sample The proportions between sample, simulated fluids, CaCl2 and the enzymes for 
each step are described by the authors. Two processes were simulated in parallel. At 
the end of the gastric step, one simulation was stopped and the solid phase were 
collected, filtered under vacuum and immediately cooled in ultrafreezer in order to stop 
the enzymatic action. At the end of the second step, the remain simulation was 
stopped, followed by the same procedure. The solid phases after gastric and after 
enteric step were analyzed by polarized optical microscopy (POM) and DSC.  
 
Table 1. Concentration of simulated digestive fluid solutions SGF = simulated gastric 
fluid, SIF = simulated intestinal fluid (MINEKUS et al., 2014) 
Constituent SGF / mmol L-1 SIF / mmol L-1 
KCl 6,9 6,8 
KH2PO4 0,9 0,8 
NaHCO3 25 85 
NaCl 47,2 38,4 
MgCl2(H2O)6 0,1 0,33 









Figure 3. Scheme for the evaluation of the behavior of the cholesterol + 
phytosterol mixture. SGF is a simulated gastric fluid and SIF is a simulated 
intestinal fluid (MINEKUS et al., 2014). 
 
 
















3. RESULTS AND DISCUSSION 
 
3.1 Phytosterol melting behavior 
  
Cholesterol melting temperature was taken as 411.9 ± 0.62 K as previous 
discussed in CHAPTER 2. Figure 5 shows the thermogram for the sample of β-
sitosterol (70 % with a residual fraction of β-sitostanol and campesterol), used in this 
work. The melting profile obtained by Differential Exploratory Calorimetry shows a very 
well-defined thermal event with a mean peak temperature of 411.16 ± 0.24 K. The 
crystallization temperature is also very well-defined and occurs few degrees lower, 
establishing a thermal inertia of 13 K, approximately. The melting enthalpy found for 
this biocompound was 20.4 ± 0.26 kJ/mol. No value for melting temperature and 
enthalpy was found in literature for the main phystosterols of this pseudo-biocompound 
(considering information in the physicochemical databank for β-sitosterol, β-sitostanol, 
and campesterol published in the National Institute of Standards and Technology, 
NIST). The literature (at NIST) provides only the temperature of a phase transition at 
the solid phase for β-sitosterol at 342.7 K with a enthalpy of 2.9 kJ / mol 
(PETROPAVLOV, N.N.; TSYGANKOVA, I.G.; TESLENKO, 1988).  These authors 
presents this polymorphic transition into two stages: from a "crystalline phase I" to a 
"crystalline phase II", considering the second as the most stable phase. In fact, in the 
DSC thermogram obtained (Figure 5), it was not possible to clearly observe this 
transition, possibly due to its low enthalpy. However, a slightly curvature in the 
baseline, presenting a minimum at a temperature close to this transition was observed. 
These changes in the baseline could show that the sample was altering its crystalline 
structure, but very slowly, as the temperature increases, which makes difficult to 
observe a clear transition.   
In fact, as observed in the INTRODUCTION, there are more than 40 types of 





in fact the case of the pseudo-compound used in this work, that is mainly composed of 
β-sitosterol but with a fraction of β-sitostanol and campesterol. However, being a 
mixture one should expect that more than 1 peak was observed in the DSC 
thermogram. However, if only one peak was seen, one should also suppose that a 
clear solid solution is formed by these three phytosterols. This is easy to suppose when 
the molecular structures of the compounds are analyzed (Figure 1), being all very 
similar. This corroborates with a future discussion in this paper.  
In order to verify this clear melting transition observed in the DSC thermogram, 
the phytosterol sample was analyzed by polarizing optical microscopy (POM) as shown 
in Figure 6. POM showed a clear melting process but “slightly broad" in agreement with 
the DSC data. It means that the beginning of the melting of the pseudo-biocompound 
was few degrees lower than the peak temperature observed in DSC and finished few 
degrees higher than that. In fact, the melting peak observed by DSC is also “slightly 
large”, where the beginning of the melting occurs at temperatures lower than 400 K and 
finishes close to melting temperature. This is also probably due to the complexity of the 
molecule that avoids sharp and well-defined melting processes. This is very similar to 
what occurs to cholesterol, since it is also a sterol (SEE DISCUSSION IN CHAPTER 
2). Otherwise, for the crystallization process, the peak observed in DSC is very sharp 
and well-defined. It means that, due to the complexity of the structure, when enough 
energy is removed from the system the mobility of the molecule is drastically altered, 
favoring the packing of the structure and its crystallization. Note that during 
crystallization, the same modification of the baseline was seen, which corroborates with 








Figure 5. DSC Thermogram obtained for β-sitosterol (70% + campesterol, and β-
sitostanol). Crystallization (dashed line) and melting (continuous line) curves. 
 
 
Figure 6. Images obtained by POM for β-sitosterol, showing the melting behavior of the 
most stable crystalline form (according definition of (PETROPAVLOV, N.N.; 
TSYGANKOVA, I.G.; TESLENKO, 1988). 
 
3.2. Cholesterol + phytosterol solid-liquid equilibrium phase diagram 
 
 Figure 7 presents the DSC thermograms obtained for the pseudo-binary system 
cholesterol + β-sitosterol. Based on this thermogram, one can observe a single thermal 

















event for all compositions analyzed. Also, for mixtures, the thermal event is at a 
temperature slightly lower than the melting temperatures of the pure compounds. The 
melting temperatures followed the tendence in which a minimum point is achieved 
between x = 0.45 and x = 0.5 (cholesterol molar fraction). The fact that only one 
thermal event was seen indicates an uncommon melting behavior for a mixture. 
Classically, when two compounds are mixed in the liquid phase, during the 
recrystallization, the compounds are crystallized independently. It means that the 
crystalline unit cells formed are composed by one or another compound. Also, when 
one compound is added in the system, the melting temperature of the other compound 
is decreased. Considering the same behavior for both compounds, a minimum point is 
established, called as eutectic point. The fraction of the system correspondent to the 
eutectic point melts independently of the concentration of the mixture. Thus, in the DSC 
analysis one can observe two events: the melt of the eutectic composition, and the melt 
of the mixture. This behavior is sketched in Figure 8: if the system establishes this most 
common behavior it is called as simple eutectic mixture.  
Since only one transition is observed, this event is related to the melting 
temperature. Therefore, this indicates that there is no eutectic point. If there is no 
eutectic point, one can assume that during the crystallization, the compound did not 
crystallized independently, but they crystallized as an unique crystal structure. This 
phenomenon is called by literature as solid solution (also, by organic alloy or cocrystal). 
A solid solution so occurs when, during the recrystallization of the system, the crystal 
structure of a molecule is packed into the crystal structure of the other crystal forming 
one single crystalline structure. This is found for lipidic mixtures, such as mixtures of 
triacylglycerols or mixtures of fatty acids or fatty alcohols with very similar sizes 
(MAXIMO et al., 2014a; MAXIMO; COSTA; MEIRELLES, 2014; WESDORP, 1990).  






Figure 7. DSC thermograms (heating) for cholesterol (1) + phytosterol (2) mixture.  
 
 
Figure 8. Scheme for a Solid-liquid equilibrium diagram in case of a mixture that 
behaves as a simple eutectic mixture and a scheme for the DSC thermogram that is 
observed in this case. 
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The formation of solid solution (or, as literature also call as “cocrystal”) was in 
fact already presented by literature for the system here evaluated (cholesterol + 
phystosterol) (CUSACK; FERNANDEZ; VOLEK, 2013). However, this work proposes 
that the solid solution occurs in this system throughout the concentration range, 
establishing what was sketched in Figure 2B. Figure 9 so, shows the complete Solid-
Liquid Equilibrium Phase diagram and Table 1 the data provided by these analysis. 
The figures sketches the experimental data (melting temperatures) obtained by DSC 
and/or micrography for each mixture (from 0 to 1 molar fraction of cholesterol). It also 
shows the two modeled melting curves: the first considering Equation 1 (dashed lines) 
and the second considering an ideal behavior (Equation 2, Continuous curve). The 
ideal melting behavior, i.e. considering that biocompounds assumes a simple eutectic 
behavior says that the activity coefficient of the compounds in the liquid phase are = 1 
and the solid phase is independently crystallized, thus molar fraction of the compound 
in the solid phase are always = 1 (pure compound) and no activity coefficient is 














Firstly, when the ideal behavior is analyzed (continuous curves of Figure 9) one 
can conclude that this system is far from the ideality, and presented a strong deviation. 
In fact, ideally, the system should present a eutectic point close to 375 K, which in fact 
did not occur. Therefore, considering a nonideal situation, in which an equation for the 
calculation of the activity coefficient is applied, Equation 1 presented a more fitted 
behavior to the experimental data (dashed lines). Therefore, the SLE phase diagram 
proposed in this work for the description of the melting behavior of the system 
cholesterol + phytosterol presented 4 regions: one solid phase, two biphasic regions 





solid solution (or a cocrystal) at any ratio cholesterol: phystosterol, the solid phase is in 
fact a solid solution. Therefore, the two biphasic regions is comprised one by a solid 
solution rich in cholesterol (at the right-hand side of the diagram) and the other by a 
solid solution rich in phytosterol (at the left-hand side of the diagram). Since a minimum 
point is established in the experimental data one can assume, in this case that this 
solid-liquid equilibrium behavior, very uncommon is well-similar to a case, more 
common in the vapor-liquid equilibrium diagrams, that literature call as minimum 
azeotrope homogenous.  
 
 
 Figure 9. SLE diagram for cholesterol + phytosterol; experimental melting point obtained 
by DSC (°), and by POM (∆) for the end of melting temperature and ( ) for the beginning of 

























Table 1. SLE data obtained by DSC and by POM (Tfus is melting temperature, Tinitial 
and T final are the initial and final temperature in which melting phenomenon was seem 
in POM) 
xcholesterol 
DSC data POM data 
Tfus Tinitial Tfinal 
0.000 411.27 - - 
0.111 409.84 404.95 409.15 
0.197 406.15 - - 
0.300 404.70 399.15 405.55 
0.408 403.78 - - 
0.496 405.30 399.65 406.15 
0.600 408.25 - - 
0.698 409.05 - - 
0.790 409.65 403.15 411.15 
0.899 410.70 - - 
1.000 412.25 - - 
 
In order to check this proposal, thermal controlled polarized optical microscopy 
and powder X-ray diffraction of the solid phase were carried out. Figure 10 shows 
thermomicrographs at different temperatures and concentrations for some of the 
cholesterol + phytosterol systems. Firstly, no invariant transition were seen. It means 
that all systems started to melt at a different temperature, following the minimum 
behavior. Also, there is a narrow biphasic region, which corroborates to the theoretical 
curve. Final melting temperature also agreed with the DSC data. The initial melting, in 
fact, is slighly lower than the theoretical theory. However, it is important to remember 
the conventional melting behavior established by cholesterol (CHAPTER 1) and 
phytosterol. It means a broad melting transition, differently of what occurs to the most 





information observed in microscopies is that solid phase from the right hand side of the 
diagram ( x = 0.5 , 0.8) was different  from the solid phase from the left hand side of the 
diagram ( x= 0.1, x =0.3) in agreement what was proposed in the theoretical curve. It 
means: there are two kind of solid solutions, each one rich in one compound. 
Powder X-ray diffraction showed in Figure 11 agreed with this observations. In 
this case, two different patterns are seen for pure cholesterol and for the phystosterol. 
For mixtures, in fact, two other different patterns are seen. This firstly indicates that, if 
the solid phase of the mixture did not present a mixed pattern of the pure compounds, 
in fact, cocristais or solid solutions were formed at any concentration of the system. 
Mixed patterns means that mixtures would present peaks at the same angles of the 
pure compound. Therefore, in this case, two different crystalline matrices were 
adopted. For concentrations closer to pure cholesterol, as obsserved for x = 0.6 and 
0.8, the solid solution presented some of the peaks at the same angles observed for 
pure cholesterol, meaning that, in this range, cholesterol acted as the “host” of the 
crystalline unit cell of the solid phase. Otherwise, for concentrations closer to pure 
phytosterol, as observed for x = 0.2 and 0.4, the diffractogram presented some peaks 
at the same angles that were observed for the phytosterol. This means that, in this 
reagion, the cocristal, or the solid solution adopted the crystalline matrice of the 
phytosterol, and in this case, this pseudo-compound acted as the “host” of the 










Figure 10. Micrographs at different temperatures and concentrations (x, molar fraction of 








Figure 11. Power X-ray difractograms for cholesterol + phytosterol systems at 
different concentrations. 
 
3.3. Phase behavior of the mixture after in vitro Digestibility 
 
After the complete SLE behavior and by the conclusion that at any 
concentration cholesterol and phystosterol can form solid solutions, a mixture of 
cholesterol + phytosterol at x = 0.5, molar fraction of cholesterol were submitted to an 
in vitro digestibility protocol. Differently what occurred in the preparation of the system, 
it means, heating until complete melting and recrystallization, in this case, pure 
compounds were put in the simulated digestive system at the solid phase and without 
any pre-preparation. This could simulate the ingestion of cholesterol and phytosterol in 





jacketed cell at 37 °C (body temperature) at the beginning and at the end of the 




Figure 12. (A) Samples at the beginning of the in vitro digestion. (B) Samples at the 
end of the in vitro digestion. 
 
Figure 13 shows DSC thermograms that were done for (Figure 13) pure 
compounds, cholesterol and phytosterol, for the mixture x = 0.5 that was submitted to 
melting and recrystallization, for the solid phase obtained after the gastric and enteric 
steps of the digestion of pure cholesterol and for the solid phase obtained after the 







Figure 13. DSC thermograms for cholesterol (1) + phytosterol (2) before and after 
gastric and after enteric step of the in vitro digestibility protocol.  
 
In case of pure compounds and for the mixture x = 0.5, the melting behavior 
has already been evaluated and explained. It means that, in all cases, a single thermal 
event for pure compounds was observed in temperatures very close to each other, 
ranging (414 K). For the mixture, a single thermal event was also observed but at a 
temperature slightly lower than the pure compounds (405.3 K). In this case, a solid 
solution is formed due to the interaction between cholesterol and phytosterol during the 
recrystallization of the sample. In Figure 13, DSC thermograms obtained at the end of 
the gastric stage is presented. The first thermogram (digestion of pure cholesterol) 
presented a unique thermal event with a melting temperature at 414.24 K, i.e. very 
close to the melting temperature of pure cholesterol. It means that, probably nothing 





thermogram (digestion of the mixture) two clear thermal events, one at 408.35 K, and 
another at 413.3 K. The first is very close to the melting temperature of the mixture and 
the second very close to the melting temperature of the pure compounds. Therefore, 
one can assume that there was an interaction between cholesterol and phytosterol 
during gastric step, promoting the formation of the solid solution. Also, since the pure 
compound is also observed one could assume that a fraction of pure cholesterol and 
phytosterol still remains after gastric step. In Figure 13, the DSC thermograms obtained 
at the end of the enteric stage is presented. The same behavior is observed, i.e., 
crystalline structure of cholesterol is almost unaltered and two peaks were observed 
after the digestion of the mixture. In this case, the peak that has been related to the 
mixture formed increased, as the peak related to pure compounds decreased. It means 
that compounds presented a continuous interaction after gastric step promoting the 
increasing of the formation of the solid solution.  
Figure 14 shows micrographs obtained during the melting of the solid phase 
(mixture of cholesterol and phytosterol) that was submitted to simulated digestion. The 
results also corroborates to the fact that melting temperature decreased. Also, a broad 
thermal event (melting) was observed, just like what was observed in the first part of 
this work for the mixture x =0.5. The results therefore established that a solid solution 
was probably formed during digestion and this started to occur during gastric step, 
increasing it intensity during enteric step. However, a further evaluation can also be 
done in this case. In the first part of the work, a solid solution is formed after melting 
and recrystallization. This easily promoted the interaction of the molecules, favoring the 
packing and the formation of the solid solution (cocrystal). However no melting occurs 
in the digestion which indicates that other phenomenon would be the clue for the 











Figure 14. Micrographs at different temperatures for the system cholesterol + 
phytosterol after gastric and after enteric step of the in vitro digestibility protocol. 
 
The mechanochemistry or mechanosynthesis is a term used in literature in 
which mechanical forces, such as those promoted by grinding in mills, induced the 
reaction/interaction, normally of solids, and, so, it is a procedure used for the 
formation/formulation of solid solutions in mechanical, chemical and pharmaceutical 
industries (JAMES et al., 2012; WEYNA et al., 2009) by using several routes. Specific 
procedures such as “liquid-assisted grindings” or “ion- and liquid-assisted grinding”, for 
example, are mechanochemical reactions used in order to enhance the molecular 
mobility in a reactor with a solid-state reaction for the promotion of the formation of 
solid solution (FRISCIC, 2010). This phenomenon can easily explain what probably 
occurs during digestion. In this case, also a solid-state reaction occurs in a presence of 
a liquid and a strong ionic media composed of salts, acids and bases. This situation, 
under the action of the mechanical forces of the peristaltic movements of the digestive 





(phytosterol and cholesterol) through the formation of strong hydrogen-bonded links 
and, therefore, inducing the formation of a unique crystal unite cell, i.e., the solid 
solution. One might observed that the in vitro simulation could not reach the intensity 
and the real mechanical forces established by the peristaltic movements that, in this 
case was mimicked by magnetic stirring (KONG; SINGH, 2010). Therefore, due to the 
limitations of the in vitro model used, that a remained fraction of unreacted solid 
compounds (cholesterol and phytosterol) were observed in the DSC thermograms after 
the digestion procedure. 
 
4. CONCLUSION  
 
 This work established two important conclusions in order to explain the 
formation of solid solutions (that some literature also call as cocrystals) between 
cholesterol and phytosterol. The first one is that the solid solution formation is 
independent of the concentration of both compounds. Therefore assuming that this is 
the clue for cholesterol lowering after phytosterol ingestion, these results indicates that 
phytosterols act in any concentration ingested. The second one is that the in vitro 
digestibility protocol showed the formation of solid solution during digestion. However, 
differently of what occurs in the construction of the SLE diagram, no recrystallization 
was promoted in this situation for the formation of a solid solution. Therefore, only a 
mechanochemical mechanism (a procedure industrially used for the formation of solid 
solutions) can explain this process, considering the presence of strong mechanical 












ACEVEDO, N. C.; MARANGONI, A. G. Characterization of the Nanoscale in 
Triacylglycerol Crystal Networks. Crystal Growth & Design, v. 10, n. 8, p. 3327–3333, 
2010.  
ALLMAN-FARINELLI, M. A. et al. A diet rich in high-oleic-acid sunflower oil favorably 
alters low-density lipoprotein cholesterol, triglycerides, and factor VII coagulant activity. 
Journal of the American Dietetic Association, v. 105, n. 7, p. 1071–1079, 2005.  
AMIOT, M. J. et al. Comparable reduction in cholesterol absorption after two different 
ways of phytosterol administration in humans. European Journal of Nutrition, v. 52, 
n. 3, p. 1215–1222, 2013.  
BOND, A. D. What is a co-crystal? CrystEngComm, v. 9, n. 9, p. 833, 2007.  
BRUIN, S. Phase equilibria for food product and process design. Fluid Phase 
Equilibria, v. 158–160, p. 657–671, 1999.  
CHRISTIANSEN, L. et al. Effect of β-sitosterol on precipitation of cholesterol from non-
aqueous and aqueous solutions. International Journal of Pharmaceutics, v. 254, n. 
2, p. 155–166, 2003.  
COSTA, M. C. et al. The solid-liquid phase diagrams of binary mixtures of consecutive, 
even saturated fatty acids. Chemistry and Physics of Lipids, v. 160, n. 2, p. 85–97, 
2009a.  
COSTA, M. C. et al. The solid-liquid phase diagrams of binary mixtures of consecutive, 
even saturated fatty acids: differing by four carbon atoms. Chemistry and Physics of 
Lipids, v. 157, n. 1, p. 40–50, 2009b.  
COSTA, M. C. et al. Solid-liquid equilibrium of saturated fatty acids + triacylglycerols. 
Journal of Chemical and Engineering Data, v. 55, n. 2, p. 974–977, 2010a.  
COSTA, M. C. et al. Solid-liquid equilibrium of tristearin with refined rice bran and palm 
oils. Journal of Chemical and Engineering Data, v. 55, n. 11, p. 5078–5082, 2010b.  





Acids and Triacylglycerols. p. 3277–3284, 2011.  
CUSACK, L. K.; FERNANDEZ, M. L.; VOLEK, J. S. The Food Matrix and Sterol 
Characteristics Affect the Plasma Cholesterol Lowering of Phytosterol / Phytostanol 1. 
Advances in Nutrition, v. 4, p. 633–643, 2013.  
CUSHEN, M. et al. Nanotechnologies in the food industry - Recent developments, risks 
and regulation. Trends in Food Science and Technology, v. 24, n. 1, p. 30–46, 2012.  
D.W. SLAUGHTER, M. F. D. No Title. Chemical Engeneering Science, v. 50, p. 
1679–1694, 1995.  
FRISCIC, T. New opportunities for materials synthesis using mechanochemistry. J. 
Mater. Chem., v. 20, n. 36, p. 7599–7605, 2010.  
HIMAWAN, C.; STAROV, V. M.; STAPLEY, A. G. F. Thermodynamic and kinetic 
aspects of fat crystallization. Advances in Colloid and Interface Science, v. 122, n. 
1–3, p. 3–33, 2006.  
JAMES, S. L. et al. Mechanochemistry: opportunities for new and cleaner synthesis. 
Chem. Soc. Rev., v. 41, n. 1, p. 413–447, 2012.  
KONG, F.; SINGH, R. P. A Human Gastric Simulator (HGS) to Study Food Digestion in 
Human Stomach. Journal of Food Science, v. 75, n. 9, p. E627--E635, 2010.  
LEUNER, C.; DRESSMAN, J. Improving drug solubility for oral delivery using solid 
dispersions. European journal of pharmaceutics and biopharmaceutics : official 
journal of Arbeitsgemeinschaft für Pharmazeutische Verfahrenstechnik e.V, v. 50, 
n. 1, p. 47–60, 2000.  
LIN, X. et al. The effects of phytosterols present in natural food matrices on cholesterol 
metabolism and LDL-cholesterol: a controlled feeding trial. European journal of 
clinical nutrition, v. 64, n. 12, p. 1481–1487, 2010.  
MARANGONI, A. G. et al. Structure and functionality of edible fats. Soft Matter, v. 8, p. 
1275, 2011.  
MARANGONI, A. G.; NARINE, S. S. Identifying key structural indicators of mechanical 





969, 2002.  
MAXIMO, G. J. et al. On the solid-liquid equilibrium of binary mixtures of fatty alcohols 
and fatty acids. Fluid Phase Equilibria, v. 366, p. 88–98, 2014a.  
MAXIMO, G. J. et al. Lipidic Protic Ionic Liquid Crystals. ACS Sustainable Chemistry 
and Engineering, v. 2, p. 672–682, 2014b.  
MAXIMO, G. J. et al. Trends and demands in the solid-liquid equilibrium of lipidic 
mixtures. RSC Adv., v. 4, n. 60, p. 31840–31850, 2014c.  
MAXIMO, G. J. et al. Enhancing the description of SSLE data for binary and ternary 
fatty mixtures. Fluid Phase Equilibria, v. 426, p. 119–130, 2015.  
MAXIMO, G. J.; COSTA, M. C.; MEIRELLES, A. J. A. Solid-liquid equilibrium of triolein 
with fatty alcohols. Brazilian Journal of Chemical Engineering, v. 30, n. 1, p. 33–43, 
2013.  
MAXIMO, G. J.; COSTA, M. C.; MEIRELLES, A. J. A. The Crystal-T algorithm: a new 
approach to calculate the SLE of lipidic mixtures presenting solid solutions. Phys. 
Chem., v. 16, n. 16, p. 16740–16754, 2014.  
MCNAUGHT, A.D. AND WILKINSON, A. IUPAC Compendium of Chemical 
Terminology—The “Gold Book”. Oxford: [s.n.]. v. 2nd Editio 
MEL’NIKOV, S. M.; SEIJEN TEN HOORN, J. W. M.; BERTRAND, B. Can cholesterol 
absorption be reduced by phytosterols and phytostanols via a cocrystallization 
mechanism? Chemistry and Physics of Lipids, v. 127, n. 1, p. 15–33, 2004.  
MINEKUS, M. et al. A standardised static in vitro digestion method suitable for food – 
an international consensus. Food Funct. Food Funct, v. 5, n. 5, p. 1113–1124, 2014.  
MORRISON, H. G.; SUN, C. C.; NEERVANNAN, S. Characterization of thermal 
behavior of deep eutectic solvents and their potential as drug solubilization vehicles. 
International Journal of Pharmaceutics, v. 378, n. 1–2, p. 136–139, 2009.  
MÜLLER-GOYMANN, C. C. Physicochemical characterization of colloidal drug delivery 
systems such as reverse micelles, vesicles, liquid crystals and nanoparticles for topical 





n. 2, p. 343–356, 2004.  
NARINE, S. S.; MARANGONI, A. G. Relating structure of fat crystal networks to 
mechanical properties: A review. Food Research International, v. 32, n. 4, p. 227–
248, 1999.  
NATARAJAN, R. et al. Tunable porous organic crystals: Structural scope and 
adsorption properties of nanoporous steroidal ureas. Journal of the American 
Chemical Society, v. 135, n. 45, p. 16912–16925, 2013.  
NYQVIST-MAYER, A. A.; BRODIN, A. F.; FRANK, S. G. Drug release studies on an 
oil-water emulsion based on a eutectic mixture of lidocaine and prilocaine as the 
dispersed phase. Journal of Pharmaceutical Sciences, v. 75, n. 4, p. 365–373, 1986.  
OGIER, N. et al. LDL-cholesterol-lowering effect of a dietary supplement with plant 
extracts in subjects with moderate hypercholesterolemia. European Journal of 
Nutrition, v. 52, n. 2, p. 547–557, 2013.  
PETROPAVLOV, N.N.; TSYGANKOVA, I.G.; TESLENKO, L. A. Microcalorimetric 
investigation of polymorphic transitions in organic crystals. Sov. Phys. Crystallogr., p. 
33(6), 853-855, 1988.  
PHILLIPS, K. M. et al. Free and Esterified Sterol Composition of Edible Oils and Fats. 
Journal of Food Composition and Analysis, v. 15, n. 2, p. 123–142, 2002.  
RACETTE, S. B. et al. Natural dietary phytosterols. Journal of AOAC International, v. 
98, n. 3, p. 679–684, 2015.  
REID, R. C.; PRAUSNITZ, J. M.; POLING, B. E. The properties of gases and liquids. 
United States: McGraw Hill Book Co.,New York, NY, 1987.  
ROGERS, M. A. Co-operative self-assembly of cholesterol and γ-oryzanol composite 
crystals. CrystEngComm, v. 13, n. 23, p. 7049, 2011.  
ROZNER, S. et al. Templated cocrystallization of cholesterol and phytosterols from 
microemulsions. Journal of Crystal Growth, v. 311, n. 16, p. 4022–4033, 2009.  
ROZNER, S.; GARTI, N. The activity and absorption relationship of cholesterol and 





Aspects, v. 282–283, n. December 2005, p. 435–456, 2006.  
SANDERS, D. J. et al. The safety evaluation of phytosterol esters. Part 6. The 
comparative absorption and tissue distribution of phytosterols in the rat. Food and 
Chemical Toxicology, v. 38, n. 6, p. 485–491, 2000.  
SBC. Atualização da diretriz brasileira de dislipidemias e erevenção da aterosclerose - 
2017. Arquivos Brasileiros de Cardiologia, v. 109, n. 1, p. 76, 2017.  
TANG, D.; MARANGONI, A. G. Modeling the rheological properties and structure of 
colloidal fat crystal networks. Trends in Food Science and Technology, v. 18, n. 9, p. 
474–483, 2007.  
TRAUTWEIN, E. A. et al. Proposed mechanisms of cholesterol-lowering action of plant 
sterols. European Journal of Lipid Science and Technology, v. 105, n. 3, p. 171–
185, 2003.  
WANG, J.-R. et al. Stabilizing vitamin D3 by conformationally selective co-
crystallization. Chem. Commun., v. 50, n. 7, p. 855–858, 2014.  
WESDORP, L. H. Liquid–multiple solid phase equilibria in fats, theory and 
experiments. [s.l.] Delft University of Technology, 1990. 
WESTSTRATE, J. A; MEIJER, G. W. Plant sterol-enriched margarines and reduction of 
plasma total- and LDL-cholesterol concentrations in normocholesterolaemic and mildly 
hypercholesterolaemic subjects. European journal of clinical nutrition, v. 52, n. 5, p. 
334–343, 1998.  
WEYNA, D. R. et al. Synthesis and Structural Characterization of Cocrystals and 
Pharmaceutical Cocrystals: Mechanochemistry vs Slow Evaporation from Solution. 








Dados do colesterol obtidos por DSC mostraram uma transição definida, onde 
a temperatura máxima foi próxima de 412 K, adotada como temperatura de fusão do 
colesterol. Além disso, uma cristalização muito bem definida foi observada com um 
valor inferior a 380 K. Isso significa que o colesterol apresenta uma "inércia térmica" 
muito pronunciada, na qual a temperatura de cristalização é significativamente inferior 
à temperatura de fusão (o "intervalo" é superior a 30 K). Isso é interessante e apoia a 
teoria em que, após a fusão, devido à estrutura complexa da molécula, o processo de 
cristalização requer uma grande remoção de energia. De fato, a entalpia de 
cristalização para o colesterol é maior que a entalpia de fusão de 26955 ± 2785 J/mol  
(CHEN et al., 2009; DOMALSKI; HEARING, 1996; IWAHASHI et al., 2001; 
KALOUSTIAN et al., 2003; MILTENBURG; GENDEREN; DEN BERG, 1998; PENG et 
al., 2008; PETROPAVLOV, N.N.; TSYGANKOVA, I.G.; TESLENKO, 1988).  
Estes dados também foram analisados por microscopia óptica de luz polarizada 
(POM), onde é possível observar um processo de fusão "amplo" de acordo com dados 
DSC. Na verdade, o pico de fusão observado pelo DSC é ligeiramente extenso, onde 
o início da fusão ocorre em temperaturas inferiores a 400 K e termina à temperatura 
de fusão. Isso também ocorre, provavelmente, devido à complexidade da molécula, na 
qual processos de fusão bem definidos são evitados. Por outro lado, para o processo 
de cristalização, o pico observado no DSC é muito nítido e bem definido. Isso significa 
que, devido à complexidade da estrutura, quando a energia é removida do sistema, a 
mobilidade da molécula é drasticamente alterada, favorecendo a embalagem da 
estrutura e a sua cristalização. 
Foram obtidos termogramas para os ácidos graxos: oleico, esteárico e elaídico. 
Diferentemente do que foi observado para o colesterol, a "inércia térmica" para esses 
compostos não é tão pronunciada, ou seja, a temperatura de cristalização é inferior à 





anterior para o colesterol, a cristalização, a temperatura de fusão e, também, a inércia 
térmica do ácido oleico é mais baixa do que para os ácidos esteárico e elaídico, 
provavelmente devido à forma irregular da primeira molécula: a instauração cis 
promove a assimetria da molécula que provavelmente diminui a temperatura de 
cristalização. 
Em resumo, observam-se 5 regiões principais em todos os casos: uma fase 
sólida abaixo da linha de solidus, uma fase líquida acima da linha liquidus, uma fase 
de solução sólida, perto da concentração de colesterol puro e 2 regiões bifásicas, 1 no 
lado esquerdo do ponto eutético, composto de ácido graxo sólido + fase líquida e 1 no 
lado direito do ponto eutético composto de solução sólida + fase líquida. 
Não foi possível ter conclusões relativas ao termograma obtido para o 
α−tocoferol, que demonstrou uma linha plana. A amostra foi resfriada até 193 K, 
temperatura mínima permitida pelo equipamento e não foi cristalizada. Na verdade, 
não há dados na literatura que indiquem seu Tfus ou ∆Hfus. Portanto, utilizou-se a 
microscopia óptica e o composto pode ser cristalizado a temperaturas inferiores a 143 
K. Após a cristalização, o composto foi aquecido e a fusão foi observada. Com a 
microscopia (POM), foi possível observar que a fusão do α−Tocoferol começou a uma 
temperatura próxima a 243 K e terminou a uma temperatura próxima a 253 K. O 
α−tocoferol é um composto muito viscoso à temperatura ambiente. Esta alta 
viscosidade é provavelmente devido a interações intermoleculares fortes: a molécula é 
composta de hidrocarbonetos e uma cadeia ramificada, um anel oxigenado e um anel 
fenólico. Esta forma propõe fortes interações π – π. Então, a viscosidade tende a 
aumentar quando a temperatura diminui. No entanto, devido à assimetria da molécula, 
a formação de unidades cristalinas é evitada, diminuindo a temperatura de fusão. É 
possível que uma fração do sistema não seja cristalizada, permanecendo amorfa. No 






O α−tocoferol induziu uma forte diminuição do comportamento de derretimento 
do colesterol mostrando que interações intermoleculares significativas são 
estabelecidas na fase líquida. Ao aplicar os sufixos de Margules 3 para o cálculo do 
coeficiente de atividade dos compostos em ambas as fases, foi possível descrever um 
ESL com um ponto eutético próximo de x = 0,1.  
O octacosanol apresenta duas transições bem definidas, provavelmente 
relacionadas a uma transição polimórfica (transição de baixa temperatura) e ao 
fenômeno de fusão (a transição de alta temperatura). Não foram encontrados dados, 
especialmente no banco de dados de propriedades termo físicas do Instituto Nacional 
de Padrões e Tecnologia (NIST) para este composto. Os valores calculados foram: 
354.4 ± 0.24 K para temperatura de fusão e 350.9 ± 0.17 K para temperatura de 
transição polimórfica. Este polimorfismo pode ser atribuído à sua longa cadeia de 
carbono que dá liberdade para a molécula empacotar em diferentes arranjos na fase 
cristalina. 
Através do DSC, apenas a linha eutética foi detectada: as transições de fusão, 
da mesma forma que ocorrem nos sistemas de colesterol + octacosanol, não 
proporcionaram resolução, provavelmente devido às amplas faixas de fusão do 
colesterol. Neste caso, a difração de raios-X foi avaliada. Alguns picos característicos 
de colesterol não foram evidenciados nos difratogramas das misturas ou diminuíram a 
intensidade. No entanto, os picos de octacosanol permaneceram presentes e com 
intensidade significativa em quase todas as concentrações. Essa mudança do perfil 
cristalino da mistura evidencia uma interação parcial entre os compostos na fase 
sólida, propondo a existência de cocristais. Este é um comportamento incomum 
porque se esperava que o composto mais presente na solução, neste caso colesterol, 
coordene a estrutura cristalina do sistema. No entanto, provavelmente porque o 
octacosanol é uma molécula de cadeia muito longa. 
O perfil de fusão obtido pela Calorimetria Exploratória Diferencial do ß-





evento térmico muito bem definido com uma temperatura média máxima de 411,16 ± 
0,24 K. A temperatura de cristalização também está bem definida e ocorre poucos 
graus abaixo, estabelecendo uma inércia térmica de 13 K, aproximadamente. Nenhum 
valor para a temperatura de fusão e entalpia foi encontrado na literatura para os 
principais fitosteróis deste biocomposto pseudo-binário (considerando a informação no 
banco de dados físico-químico para β-sitosterol, β-sitostanol e campesterol publicado 
no Instituto Nacional de Padrões e Tecnologia, NIST). A literatura (NIST) fornece 
apenas a temperatura de uma transição de fase na fase sólida para β-sitosterol a 
342,7 K com uma entalpia de 2,9 kJ/mol (PETROPAVLOV, N.N.; TSYGANKOVA, I.G.; 
TESLENKO, 1988). Esses autores apresentam esta transição polimórfica em dois 
estágios: de uma "fase cristalina I" para uma "fase cristalina II", considerando a 
segunda como a fase mais estável. De fato, no termograma DSC obtido, não foi 
possível observar claramente esta transição, possivelmente devido à sua baixa 
entalpia. No entanto, observou-se uma leve curvatura na linha de base, apresentando 
um mínimo a uma temperatura próxima a esta transição. Essas mudanças na linha de 
base podem mostrar que a amostra estava alterando sua estrutura cristalina, mas 
muito lentamente, à medida que a temperatura aumenta, o que torna difícil observar 
uma transição clara. 
Para verificar esta transição de fusão clara observada no termograma DSC, a 
amostra de fitosterol foi analisada por microscopia óptica de polarização (POM). A 
microscopia pode mostrar um processo de fusão claro, mas "amplo", de acordo com 
os dados DSC. Isso significa que o início da fusão do biocomposto pseudo-binário foi 
poucos graus abaixo do pico de temperatura observado em DSC e terminou alguns 
graus superiores a isso. De fato, o pico de fusão observado por DSC também é 
"ligeiramente grande", onde o início do derretimento ocorre a temperaturas inferiores a 
400 K e termina perto da temperatura de fusão. Isto também é provavelmente devido à 
complexidade da molécula que evita processos de fusão afiados e bem definidos. Isso 





Caso contrário, para o processo de cristalização, o pico observado no DSC é muito 
nítido e bem definido. Isso significa que, devido à complexidade de a estrutura, 
quando é removida energia suficiente do sistema, a mobilidade da molécula é 
drasticamente alterada, favorecendo o empacotamento da estrutura e a sua 
cristalização. Note-se que durante a cristalização, a mesma modificação da linha de 
base foi observada, o que corrobora com a ideia de uma transição polimórfica. 
Após analisar o comportamento completo do ESL e pela conclusão de que, em 
qualquer concentração, colesterol e fitosterol podem formar soluções sólidas, uma 
mistura de colesterol + fitosterol em x = 0,5, fração molar de colesterol foi submetida a 
um protocolo de digestibilidade in vitro. Diferentemente, o que ocorreu na preparação 
do sistema, aquecimento até a fusão completa e depois recristalização, neste caso, os 
compostos puros foram colocados no sistema digestivo simulado em fase sólida e sem 
pré-preparação. Isso poderia simular a ingestão de colesterol e fitosterol em diferentes 
matrizes alimentares, o que, de fato, realmente ocorre em uma dieta.  
Um único evento térmico para compostos puros foi observado em temperaturas 
muito próximas entre elas (414 K). Para a mistura x = 0.5, também foi observado um 
único evento térmico, mas a uma temperatura ligeiramente inferior à dos compostos 
puros (405,3 K). Neste caso, uma solução sólida foi formada devido à interação entre 
colesterol e fitosterol durante a recristalização da amostra. Durante a fase gástrica, 
foram obtidos alguns termogramas. O primeiro termograma (digestão de colesterol 
puro) apresentou um evento térmico único com uma temperatura de fusão a 414,24 K, 
isto é, muito próximo da temperatura de fusão do colesterol puro. Isso significa que, 
provavelmente, nada aconteceu com a estrutura cristalina do colesterol após a etapa 
gástrica). No segundo termograma (digestão da mistura) dois eventos térmicos claros, 
um em 408,35 K e outro a 413,3 K. O primeiro é muito próximo da temperatura de 
fusão da mistura e o segundo muito próximo da temperatura de fusão do composto 
puro. Portanto, pode-se assumir que houve interação entre colesterol e fitosterol 





vez que o composto puro também é observado, pode-se supor que uma fração de 
colesterol puro e fitosterol ainda permanecem após a etapa gástrica. Foram obtidos 
também termogramas para a fase entérica. O mesmo comportamento é observado, 
isto é, a estrutura cristalina do colesterol é quase inalterada e dois picos foram 
observados após a digestão da mistura. Neste caso, o pico que foi relacionado à 
mistura formada aumentou, à medida que o pico relacionado aos compostos puros 
diminuiu. Isso significa que os compostos apresentaram uma interação contínua após 
a etapa gástrica promovendo o aumento da formação da solução sólida. 
Foram analisadas micrografias obtidas durante a fusão da fase sólida (mistura 
de colesterol e fitosterol) que foi submetida a digestão simulada. Os resultados 
também corroboram o fato de que a temperatura de fusão diminuiu. Além disso, 
observou-se um amplo evento térmico (fusão), assim como o que foi observado na 
primeira parte deste trabalho para a mistura x = 0,5. Os resultados, portanto, 
estabeleceram que uma solução sólida provavelmente foi formada durante a digestão 
e isso começou a ocorrer durante a etapa gástrica, aumentando a intensidade durante 
a etapa entérica. No entanto, uma avaliação adicional também pode ser feita neste 
caso. Na primeira parte do trabalho, uma solução sólida é formada após a fusão e 
recristalização. Isso promoveu facilmente a interação das moléculas, favorecendo a 
embalagem e a formação da solução sólida (cocristal). No entanto, não ocorre fusão 
na digestão, o que indica que outro fenômeno seria a pista para a formação da 
solução sólida neste caso. 
A mecano-química ou a mecanossíntese é um termo usado na literatura em 
que as forças mecânicas, como as promovidas pela moagem em moinhos, induziram 
a reação/interação, normalmente de sólidos, e, portanto, é um procedimento utilizado 
para a formação/formulação de sólidos soluções em indústrias mecânica, química e 
farmacêutica (JAMES et al., 2012; WEYNA et al., 2009) usando várias rotas. 
Procedimentos específicos, tais como "moagem assistida por líquido" ou "moagem 





para aumentar a mobilidade molecular em um reator com uma reação de estado sólido 
para a promoção da formação de solução sólida (FRISCIC, 2010). Esse fenômeno 
pode explicar facilmente o que provavelmente ocorre durante a digestão. Neste caso, 
também ocorre uma reação de estado sólido na presença de um líquido e um meio 
iônico forte composto de sais, ácidos e bases. Esta situação, sob a ação das forças 
mecânicas dos movimentos peristálticos do sistema digestivo, provavelmente pode 
promover a interação entre os dois compostos sólidos (fitosterol e colesterol) através 
da formação de ligações fortes ligadas ao hidrogênio e, portanto, induzindo a 
formação de uma única célula de união de cristal, ou seja, a solução sólida. Pode-se 
observar que a simulação in vitro não conseguiu atingir a intensidade e as forças 
mecânicas reais estabelecidas pelos movimentos peristálticos que, neste caso, foram 
imitadas por agitação magnética (KONG; SINGH, 2010). Portanto, devido às 
limitações do modelo in vitro utilizado, observou-se uma fração restante de compostos 
sólidos não reagidos (colesterol e fitosterol) nos termogramas DSC após o 




















Neste trabalho, avaliou-se o comportamento de fusão do colesterol na 
presença de 3 compostos bioativos com atividades hipocolesterolêmica: ácido oleico, 
tocoferol e octacosanol e 2 compostos lipídicos hipercolesterolêmicos: ácidos 
esteárico e trans-oleico. Com exceção do tocoferol, todos os outros sistemas (ácidos 
graxos e octacosanol) apresentaram um perfil bastante semelhante na qual a 
temperatura de fusão do colesterol não é alterada significativamente. No entanto, o 
aparecimento de soluções sólidas em regiões próximas ao colesterol puro foi evidente 
nesses casos. Isso significa que ácidos graxos e octacosanol podem formar novas 
estruturas cristalinas (solução sólida, ou cocristal) que alteram o início da temperatura 
de fusão de uma mistura rica em colesterol. 
De fato, ao apresentar os perfis similares, é difícil assumir alguma evidência de 
que esses compostos estejam envolvidos em uma interação físico-química 
significativa com colesterol durante a digestão, como ocorre no caso do fitosterol. No 
entanto, é evidente que, por exemplo, o ácido oleico foi aquele que apresentou a 
maior interação com o colesterol cristalino, devido à sua assimetria e conformabilidade 
molecular também na fase sólida, induzindo a maior formação de cocristais. No 
entanto, algumas interações podem ocorrer na fase entérica, considerando sua 
concentração em óleos vegetais, mas também no plasma sanguíneo. 
Para o tocoferol, em misturas de até aproximadamente 70% de fração molar de 
tocoferol, a mistura estava líquida à temperatura próxima a corporal. Alguns trabalhos 
mostram que o tocoferol está presente no plasma sanguíneo e como antioxidante, 
podem apresentar efeitos positivos para a mitigação de fenômenos de oxidação 
(SAMPAIO et al., 2013). No entanto, esse efeito sobre o comportamento de fusão do 
colesterol, pode estabelecer um novo paradigma sobre os efeitos deste bioativo em 





 Este trabalho estabeleceu também, duas conclusões importantes para explicar 
a formação de soluções sólidas (o que algumas literaturas também chamam de 
cocristais) entre colesterol e fitosterol. O primeiro é que a formação da solução sólida 
é independente da concentração de ambos os compostos. Portanto, supondo que 
essa seja a pista de redução do colesterol após a ingestão de fitosterol, esses 
resultados indicam que os fitosteróis atuam em qualquer concentração ingerida. O 
segundo é que o protocolo de digestibilidade in vitro pode mostrar realmente a 
formação de solução sólida durante a digestão. No entanto, de forma diferente do que 
ocorre na construção do diagrama de ESL, nenhuma recristalização foi promovida 
nesta situação para a formação de uma solução sólida. Portanto, apenas um 
mecanismo mecano-químico (um procedimento industrialmente utilizado para a 
formação de soluções sólidas) pode explicar este processo, considerando a presença 
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